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Voorwoord
U zult zich wellicht afvragen waarom er een verbodsbord met een brandende lucifer (“open vuur 
verboden”) op de voorkant van dit proefschrift afgebeeld staat. Ten eerste heeft dit symbool alles te 
maken met de doelstelling van het in dit proefschrift beschreven onderzoek: De selectieve partiële 
oxidatie van een olefine gaat nu eenmaal niet door de boel met een lucifer in de brand te steken! 
Voor de niet-chemici: Olefines (alkenen) zijn koolwaterstoffen met een dubbele koolstof-koolstof 
binding en worden over het algemeen verkregen uit aardolie. Volledige verbranding van deze 
olefines zou slechts leiden tot vorming van water en koolstofdioxide en dientengevolge bijdragen 
aan het broeikas-effect. Om de oxidatie van een koolwaterstof gecontroleerd te laten verlopen en 
zodoende nuttige verbindingen te maken (gedeeltelijke verbranding), is een katalysator nodig. Om 
inzicht te krijgen in dergelijke gecontroleerd verlopende oxidatieprocessen zijn verbindingen 
bestudeerd die dienen als model-systeem voor een katalysator, maar die eenvoudiger te bestuderen 
zijn dan een werkende katalysator. Het op de voorkant in het wit afgebeelde rhodium-complex is 
een voorbeeld van zo ’n model.
Naast de doelstelling van het in dit proefschrift beschreven onderzoek, is het verbodsbord met de 
brandende lucifer tevens een aardig symbool voor de afsluiting van een periode van vier jaar 
promotieonderzoek. Hoewel gedurende deze periode best wat noodzakelijke vonken rond hebben 
gevlogen, is het algemene gevoel nu: Brand meester! Veel mensen hebben er voor gezorgd dat deze 
periode zeer prettig is verlopen. Deze mensen wil ik hier graag bedanken. Ook wil ik op deze plaats 
iedereen bedanken die heeft bijgedragen aan het tot stand komen van deze dissertatie. Hoewel ik 
ongetwijfeld mensen onbedoeld zal vergeten, wil ik toch enkele mensen met name bedanken.
Om te beginnen wil ik mijn ouders bedanken voor het feit dat zei de eerste 2 decennia van mijn 
leven gezorgd hebben voor een (studie)vriendelijk thuisfront. Hun stimulans heeft in belangrijke 
mate bijgedragen aan een vlotte start in de studie Scheikunde.
Prof. Dr. Ton Gal dank ik voor zijn stimulerende manier van begeleiden, zijn vertrouwen, en de vele 
vrijheden. Ook ben ik hem dankbaar voor zijn interesse in mijn toekomstige carriere en zijn 
intensieve pogingen deze naar mijn wensen in de juist banen te leiden. Met Dr. Peter Budzelaar heb 
ik zeer prettig samengewerkt en ik ben hem zeer erkentelijk voor zijn kritische blik, zowel op de 
resultaten als op dit manuscript.
Paul Schlebos dank ik voor zijn ondersteuning bij de NMR-metingen en Theo Peters dank ik voor 
zijn assistentie bij de electrochemie. Voor spoed klussen kon ik ook altijd rekenen op enige 
synthetische ondersteuning van deze duizendpoten. Over duizendpoten gesproken, zonder de 
secretariele ondersteuning van Trudy Hendriks zouden heel veel zaken zeer gecompliceerd verlopen 
zijn. Trudy, bedankt voor alles!
Dr. Ton Spek, Jan Smits en Dr. René de Gelder dank ik voor het ophelderen van de vele 
kristalstructuren. Met name René ben ik ook zeer erkentelijk voor zijn hulp bij de interpretatie van 
deze data. René, de vele gezellige, informele momenten heb ik ook zeer gewaardeerd.
Het begeleiden van studenten was een prettige en leerzame ervaring. De volgende studenten hebben 
elk sterk bijgedragen aan de inhoud van dit proefschrift: Bert Sandee, Conrad Suos, Jack Donners, 
Boukje Christiaans, Caroline Schouten, Carolien den Reijer, Ferry van Nisselroij, Edward 
Beisterveld, Maurice Donners, Mark Boerakker, Hannelore Brands, Cyrus Afraz en Anja Verhagen.
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Rhodium-maatjes, prima teamspel! Ik hoop dat jullie net zo plezierig op deze periode terug kijken 
als ik. De uitspraken “Heb je er al H2O2 bij gedaan?”, “Als die pyridine dan toch in de buurt is, dan 
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mij nog lang bijblijven. Hoewel Timo Sciarone niet voor mij werkte, beschouw ik hem zeker ook 
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Arnhem/Oosterbeek en Nijmegen zal ik nooit vergeten!
Ook de andere (ex-)collega’s op de afdeling Anorganische Chemie wil ik bedanken voor hun 
mentale en fysieke ondersteuning: Dr. Koos Willemse, Dr. Jan Bour, Dr. Wouter van den Berg, Dr. 
Gerhard Lange, Dr. Giovanni Talarico, Wim van de Ven, Reinout Kicken, en in het laatste stadium 
Monique Krom, Martijn Kooistra en Sander Willems. Het was prettig met jullie samenwerken. 
Tevens wil ik de afdeling Organische Chemie bedanken. Prof. Dr. Roeland Nolte, Dr. Martin Feiters 
en Dr. Ton Klunder ben ik zeer erkentelijk voor de vele nuttige tips en discussies. Ook Dr. Alan 
Rowan, Dr. Albert Schenning, Bastienne Wentzel, Hans Elemans en Alexander Kros waren 
regelmatig mijn aanspreekpunt. Voor respectievelijk massa-spectrometrie, CHN-analyses en NMR 
ondersteuning kon ik altijd terecht bij Peter van Galen, Helene Admatjais en Ad Swolfs. Voor 
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zijn assistentie bij het initiëren van de zuurstof-opname experimenten. Dr. Ronald Hage (Unilever 
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Verder dank ik mijn familie, schoonfamilie, vrienden en kennissen, waar ik altijd welkom was en 
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Chapter 1 
General Introduction and Scope
1. General introduction
1.1 The need for selective oxidation
The world-wide mineral oil wells supply us with a tremendous feedstock of potential useful 
chemicals. At present, however, most of this feedstock is converted into fuels for cars and 
aeroplanes, which is completely oxidised to CO2 and water.
Olefins, hydrocarbons containing C=C double bonds, are obtained from crude oil by chemical 
cracking. Their partial oxidation is a way to turn mineral oil into useful chemicals, such as 
aldehydes, ketones, epoxides etc. Selective partial oxidation is not an easy task. Spontaneous 
oxidation of hydrocarbons is (fortunately) prevented by a kinetic barrier. Once this is overcome, 
thermally or via catalysis, the exothermicity of the oxidation easily results in complete combustion 
to CO2 and water. To overcome these problems, one needs to develop selective catalysts that work 
at relatively low temperatures, preferably with the cheap, atom efficient and environmentally benign 
oxidants O2 (air) or H2O2. Besides in bulk-chemical processes, selective oxidation of olefins with 
clean oxidants is increasingly desirable in fine-chemical processes.
1.2 Metal catalysed olefin oxidation
Metal catalysed oxidation of olefins can give rise to a whole variety of organic products, as 
illustrated for terminal olefins in Scheme 1. Cleavage of the double bond results in aldehydes or 
carboxylic acids. In the absence of cleavage either vinylic oxidation to epoxides, aldehydes, ketones, 
or glycols, or allylic oxidation to oc,ß-unsaturated alcohols, ketones, esters or acids occurs.
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Scheme 1. Products obtained in metal catalysed oxidation o f terminal olefins.
It would be impractical to give a full description of the tremendous amount of literature that has 
appeared on metal-catalysed olefin oxidation in this thesis. For detailed overviews we refer to books 
and review articles on this topic.[1] In order to illustrate the importance of the field, we will briefly 
review some of the well-known olefin oxidation catalysts below.
The industrially applied heterogeneous Ag catalyst for epoxidation of ethene[2] by O2 (air) is 
important for the production of glycol (antifreeze). The (enantioselective) Sharpless cis- 
dihydroxylation of olefins by the terminal oxidants t-BuOOH, N-methylmorpholine N-oxide or 
K3Fe(CN)6/OH-, catalysed by homogeneous high valent Os-catalysts (e.g. OsO4) provides an
1
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attractive alternative to obtain glycols directly from olefins.[3] Generally epoxides are important for 
production of paints and glues and as synthon in organic synthesis. Epoxidation of higher olefins 
can however not be carried out with Ag/O2. Therefore we should certainly mention the industrially 
applied heterogeneous catalysts for epoxidation of propene by alkyl-hydroperoxides, from Halcon 
(Arco oxirane process, M= Mo)[4] and Shell (SM/PO process, M= Ti/SiO2).[5] The hydrophilicity of 
the silica in the latter prevents the use of H2O2 as oxidant. More recently however, Ti-substituted 
silicalite (TS1) has been introduced as an industrial catalyst for selective epoxidation with aqueous 
H2O2 (Enichem).[6] Famous are also the homogeneous chiral Sharpless Ti-catalysts for 
enantioselective epoxidation of allylalcohols by t-BuOOH,[7] and the homogeneous chiral (salen)Mn 
Kochi-Jacobsen-Katsuki-catalysts for enantioselective epoxidation of other olefins by PhIO, NaOCl 
or m-CPBA.[8] The most intensively studied catalytic olefin oxidation reaction is probably the 
Pd/Cu-catalysed oxidation of ethene to acetaldehyde by O2 (air) in the industrially applied Wacker- 
process.[9] Application of the Wacker catalyst to a variety of terminal olefins affords mainly 
methylketones. Olefin oxidation by a variety of terminal oxidants and high valent Ru-catalysts (e.g. 
RuO4) almost invariably results in cleavage of the double bond.[10] Products can be either aldehydes, 
ketones or carboxylic acids, depending on the degree of substitution of the olefinic carbons. 
Occasionally Ru compounds have been reported to catalyse olefin dihydroxylation by NaIO4[11] or 
epoxidation by O2.[12]
1.3 Mechanistic aspects of metal catalysed olefin oxidation
The role of transition complexes in oxidation reactions is complicated by the many different 
reaction pathways that are available. Detailed mechanisms generally are not known. In those cases 
where kinetic studies have been carried out, complicated reaction mechanisms are often needed to 
account for the reactivity. In addition, mechanistic proposals are often controversial. Here, we will 
give a brief, schematic overview of some generally accepted reaction steps.
The various species that have been invoked to play a role in activation of dioxygen and peroxides 
are summarised in Scheme 2.
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Scheme 2. Metal-oxygen species. [1k]
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Metal catalysed oxidation of olefins may be conveniently devided into reactions involving free 
radicals (homolytic oxidation) and oxidations proceeding via other pathways (heterolytic 
oxidation).[1g] Homolytic oxidations are generally not very selective and do not preserve the 
stereochemical configuration of the substrate. They are often catalysed by first-row transition metals 
characterised by one-electron oxidation-reduction steps. Free radical pathways often lead to allylic 
oxidation or a combination of allylic and vinylic oxidation. Heterolytic oxidations are generally 
highly selective and stereospecific. In most cases vinylic oxidation is observed. This classification is 
not rigorous and there are a number of borderline examples and exceptions (especially for 
enzymatic oxidations). In some cases radical intermediates can keep close to the metal and react in a 
selective way, assisted by the appropriate ligand environment. Some transition metals are known to 
initiate homolytic autoxidation of olefins (free radical chain oxidation by O2), and particular care is 
sometimes necessary to distinguish between a radical mechanism and other pathways.
Some important oxygen transfer mechanism that have been proposed in metal catalysed olefin 
oxidation are schematically summarised in Scheme 3.
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We will briefly comment the above mechanisms on the basis of some representative examples:
- The mechanism by which the well known Jacobsen epoxidation catalyst operates is controversial. 
In recent debates arguments for both direct oxygen transfer from Mn-oxo species (Scheme 3, path 
a2),[13] and mechanisms involving 2-metallaoxetanes (Scheme 3, path a1)[14] or radical species 
(Scheme 3, path a3)[13] have been presented.[15]
- For early transition metal catalysts in high oxidation states (acidic metal centres), epoxidations 
have been proposed to proceed via olefin insertion into the metal-oxygen bond of the alkylperoxo- 
or hydroperoxo-complex[1k] (route b1) and oxygen transfer via nucleophilic attack of the olefin on 
the electron poor peroxidic oxygen[1L] (route b2, analogous to epoxidation with organic peroxyacids) 
Theoretical calculations are in favour of route b2.[16]
- In the Wacker oxidation coordination to palladium activates the olefin towards nucleophilic attack 
by H2O/OH- (Scheme 3, path c1 and c2).[9]
- The Pt-catalysed epoxidation of olefins by hydrogen peroxide has been proposed to proceed via 
activation of both the olefin and the oxidant. Coordination increases the electrophilic character of 
the olefin on one hand, and the nucleophilic character of hydrogen peroxide on the other hand 
(Scheme 3, path d^J1^  17]
- Rhodium (and iridium) catalysed reactions have mainly been proposed to proceed via the steps b1, 
c2, d1 and d2 in Scheme 3 (see section 1.4).
1.4 Rhodium and iridium in olefin oxidation
Compared to other transition metals, rhodium and iridium complexes have gained relatively little 
attention in oxidation chemistry, although their catalytic activity has been demonstrated. The use of 
rhodium and iridium catalysts for olefin oxidation has been reviewed by several authors.[1g 1k 18] 
We will restrict ourselves to a brief outline.
Oxidation of terminal olefins almost invariably results in formation of methylketones. Most of these 
oxidations are performed with O2 or organic peroxides and are catalysed by rhodium compounds. 
Occasionally the analogous iridium compound can be used with similar results. Epoxides, alcohols 
or ketones are obtained by oxidation of internal olefins. The mechanistic picture of rhodium 
catalysed oxidations is complex with several mechanisms being proposed: reaction of a Rh-O2 
complex with the olefin to form an intermediate peroxymetallacycle[19], formation of an 
intermediate hydroperoxo-complex which react with the olefin,[20] and initial formation of a n-allyl 
complex.[19a] (See also scheme 2 and 3). Some early work on olefin oxidation with Rh- and Ir- 
peroxo complexes was shown to proceed via free-radical pathways.[21]
Generally for rhodium catalysed oxidation of olefins by O2 a sacrificial reductant is required. When 
primary or secondary alcohols are used as solvents, they function as coreductant. One oxygen atom 
of O2 is transferred to the olefin and one to the alcohol.[20d 22] Co-oxidation of olefins and 
phosphines has also been reportedJ19*’ 19g 23] Furthermore, H2 has been used as a coreductant for the 
iridium catalysed oxidation of cyclooctene with O2 to cyclooctanone.[24]
Most of the above reactions are slow with low turnover numbers. Consequently they have little 
synthetic utility. However, oxidation of terminal olefins by O2 to methyl ketones can be achieved 
with reasonable turnover numbers (20-116) and with very high selectivity through combination of 
simple rhodium salts, such as RhCl3 or Rh(ClO4)3 with the inorganic cocatalysts CuX2 (X= Cl-,
4
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NO3-, ClO4-, and BF4-),[20c 25] or FeCl3[25a 26]. Furthermore, these systems avoid the disadvantages of 
the Wacker process when applied to higher olefins: Slow reaction rates due to insolubility of the 
olefin in aqueous media and formation of by-products through chlorination and isomerisation of the 
starting material. Thus these rhodium/cocatalyst systems have some promise as synthetic tools. 
Several groups have proposed mechanisms for this system. The first, proposed by Mimoun et al.[19a 
25a 27], involves the combination of two pathways, an oxygen activation path (A) and a Wacker-type 
oxidation path (B). See Scheme 4.
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R-CH=CHA
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0o°XRh1
J
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HYJ XRhm=Ooxo R-C(O)-CH3
Scheme 4. Reaction mechamism proposed by Mimoun et al.[19a 25a 27]
The peroxometallacyclic intermediate in path A was proposed to decompose via a ß-hydride shift. 
This mechanism is supported by observations that complexes of the type [L4Rh(O2)]+X- (L= AsPh3, 
AsPhMe2, X- = ClO4-, PF6-) convert terminal olefins to methylketones, with labelling studies 
indicating that the oxygen in the product stems from the coordinated O2. Furthermore, with these 
systems a peroxometallacycle has been isolated with the substrate tetracyanoethylene.[27] An 
investigation of the mechanism of the reaction using CH3CH2OD and CH2=CDC6H11 showed that 
substantial deuterium exchange with the solvent had occurred. Thus a modification of Mimoun’s 
mechanism was suggested in which the peroxometallacycle decomposes via base assisted 
elimination of a ß-hydrogen rather than a ß -hydride shift.[19c] Drago et al. proposed three different 
pathways which differ substantial from Mimoun’s mechanism since they involve hydroperoxo- 
rhodium complexes rather than peroxometallacycles.[20a] See Scheme 5.
As to the role of copper in these reactions, Cun has been proposed to oxidise Rh* to Rhm, and the 
thus obtained Cu! was postulated to generate H2O2 from O2 and H+.
It is unclear which of the above proposals most closely resembles the actual operating mechanism.
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Scheme 5. Three mechanisms proposed by Drago et al. for RhCh-catalysed oxidation o f terminal 
olefins by O2, route a) without Cu(II), routes b) and c) with Cu(II)P°a
Some isolated examples of Rh(III)-hydroperoxo complexes have been reported,[28] along which a 
crystallographically characterised hydroperoxo-rhodium(III) complex obtained by reaction of a 
rhodium(I) complex with O2 and H+,[28a] in support of the mechanisms proposed by Drago. Several 
Rh-O2 complexes are known,[29] including a stable O2-Rh-olefin-hydride complex.[30] As mentioned 
above, tetracycanoethylene forms peroxometallacycles with rhodium(I) and O2,[27] in support of 
Mimoun’s mechanism.
1.5 Metallaoxetanes
Development of new selective catalysts for olefin oxidation thusfar has mainly been based on trial 
and error. Mechanistic insights are scarce, and frustrate rational design. The study of stoichiometric 
oxidation reactions of well defined metal complexes is a valuable way to gain more insight in metal 
catalysed oxidation reactions. Thus obtained oxidation products could serve as model compounds 
for key-intermediates in catalytic reactions. Stabilisation of these highly reactive intermediates by 
the appropriate ligand environment helps to understand and steer their reactivity.
The work described in this thesis concerns the study of stoichiometric oxidation reactions of 
rhodium(I)-olefin complexes. The isolation of 2-rhodaoxetanes and the study of their reactivity has 
played an important role in our investigations. (See Scheme 3 for the structure of a 
2-metallaoxetane.) Relevant to this thesis, the intermediacy of 2-metallaoxetanes has been proposed 
in important processes, such as the dihydroxylation of olefins by KMnO4, CrO2Cl2 or OsO4,[31] 
catalytic epoxidation of olefins,[32] and catalytic rearrangement of epoxides to ketones.[33] No 
2-metallaoxetane has ever been observed directly in any of these reactions. The mechanistic 
proposals are all based on indirect evidence (e.g. kinetics). Reports on the reactivity of 
2-metallaoxetanes are scarce and little is known about the properties of these strained four 
membered metallacycles.
Also relevant to this thesis, 2-rhodaoxetanes have not been proposed in any of the catalytic reactions 
with rhodium or iridium described in section 1.4. However, a crystallographically characterised
6
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2-iridaoxetane was obtained in the stoichiometric oxidation of trimethaphosphate complex 
(P3Ü9)IrI(cod)]2' by O2.[34] The mechanism proposed for this reaction involves dinuclear activation 
of O2 by two Ir(I) centres (see Scheme 6).
Scheme 6. Formation o f a 2-iridaoxetane by dinuclear activation o f O2.
To our best knowledge, the above reaction by Klemperer is the only reported example in which 
oxidation of an olefin at a metal centre leads to isolation of a 2-metallaoxetane. Only two other 
examples of isolated 2-rhoda- and 2-irida-oxetanes are known (see Scheme 7). These were prepared 
by deprotonation of a ß -hydroxyethyl-metal-halide.[35, 36]
Similar simply ß-substituted 2-metallaoxetanes have been isolated and characterised for 
ruthenium[37] and tantalum.[38] Few other metallaoxetanes are known. For all of these the ring was 
stabilised by electron withdrawing substituents, like cyano groups in platinum and palladium 
complexes,[39] and the pentafluorophenyl group in molybdenum and tungsten compounds.[40] 
Stabilisation of metallaoxetanes has also been provided by the presence of an exo-cyclic double 
bond for palladium,[41] platinum,[42] rhenium[43] and titanium[44] complexes.
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Scheme 7. ß,ß-disubstituted 2-rhoda(III)- and 2-irida(III)-oxetanes.
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2. Outline of the thesis
The work described in this thesis concerns the study of stoichiometric oxidation reactions of a 
number of rhodium(I)-olefin complexes by H2O2 and in some cases by O2. Problems arising from 
oxidation of the auxiliary ligands, as for conventional phosphine complexes, are circumvented by 
the use of tri- (“N3”) and tetra-dentate (“N4”) nitrogen-donor ligands. The work described in 
chapters 2-5 concerns the selective oxidation of Rh(I)-olefin and Rh(I)-diolefin complexes. The 
most important observation in the above oxidations is the formation of 2-rhoda(III)oxetanes (1-oxa- 
2-rhoda(III)cyclobutanes) as intermediates and as isolable species. Although 2-metallaoxetanes have 
frequently been proposed as intermediates in catalytic olefin oxidation, and epoxide conversions, 
very little is actually known about the properties of these strained, four-membered metallacycles. 
Therefore we have investigated the reactivity of the obtained 2-rhoda(III)oxetanes in detail.
Chapter 2 describes the oxidation of “N3”Rh(I)-diolefin complexes by H2O2 and O2. Rh(I)-Z,Z-1,5- 
cyclooctadiene complexes are selectively oxidised by H2O2 and in some cases O2. Initial formation 
of a THF-derivative by incorporation of an oxygen atom and its subsequent rearrangement is 
proposed to proceed via an intermediate 2-rhoda(III)oxetane. Chapter 3 describes the selective 
oxidation of “N4”Rh(I)-ethene complexes to 2-rhoda(III)oxetanes by H2O2. The obtained 
2-rhodaoxetanes are the first examples of an unsubstituted 2-metallaoxetane. Their formation is a 
rare example of oxidation of a metal-olefin complex to an isolable 2-metallaoxetane. The reactivity 
of these unexpectedly stable, unsubstituted 2-rhoda(III)oxetanes towards electrophilic reagents, and 
their tendency to eliminate acetaldehyde are discussed. In chapter 4 the oxidation of square planar 
(“N3”)Rh(I)-ethene complexes by H2O2 in acetonitrile is described. The thus obtained 
2-rhoda(III)oxetanes contain a labile CH3CN ligand, and show a significantly increased reactivity 
when compared to the coordinatively saturated 2-rhodaoxetanes described in chapter 3. Chapter 5 
reflects on the (potential) role of 2-metallaoxetanes in catalytic oxidation of olefins.
The results in chapters 6 and 7 are excursions to areas of related rhodium chemistry. In an attempt to 
further explore the reactivity of the newly obtained “N 3”Rh!-sites with the neutral tridentate ligands 
of chapters 2 and 4, their Rh(I) carbonyl chemistry was also investigated. The results are described 
in chapter 6. In chapter 7 we report on the results of our attempts to use new tridentate pyridine- 
amine-pyrrolate ligands in oxidation of rhodium-olefin fragments. The thus obtained neutral Rh(I)- 
Z,Z-1,5-cyclooctadiene complexes failed to react selectively with H2O2 or O2, in marked contrast 
with the selective oxidations of the analogous pyridine-amine-pyridine complexes described in 
chapter 2. However, their coordination chemistry turned out to be quite diverse, and different from 
their pyridine-amine-pyridine analogues.
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Oxidation of [“N3”RhI(diolefin)]+ by H2O2 and O2
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Abstract
New, five-coordinate, complexes [“N3”RhI(diolefin)]+ have been prepared (“N3”= tridentate cyclic 
tri-amine or podal pyridine-amine-pyridine ligand; diolefin= Z,Z-1,5-cyclooctadiene (cod) or 
1,5-hexadiene (hed)). Their electrochemical oxidation and their oxygenation by H2O2 and in some 
cases O2 are described. Upon oxidation of [“N3”Rh!(cod)]+ by H2O2 and O2, cod is converted to a 
9-oxabicyclo[4.2.1]nona-2,5-diyl (oxabicyclononadiyl) fragment which rearranges to a 2-hydroxy- 
cycloocta-4-ene-1,6-diyl (hydroxycyclooctenediyl) fragment. The oxabicyclononadiyl fragment is a 
tetrahydrofuran derivative; the hydroxycyclooctenediyl fragment contains a r\ 3-allyl and a 
ß-hydroxy-alkyl moiety. Oxygenation of cod to the oxabicyclononadiyl fragment and subsequent 
rearrangement to the hydroxycyclooctenediyl fragment are both proposed to proceed via a 
2-rhodaoxetane. X-ray structures of some of the cod complexes and some of the oxidation products 
are reported. Oxygenation of the cod complexes by H2O2 is relatively independent of the ligand and 
the solvent. Oxygenation by O2 is acid catalysed, and is strongly influenced by the ligand and the 
solvent. The cod complexes with the lowest oxidation potentials proved to be the most reactive and 
the most selective in oxygenation by O2.
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1. Introduction
Transition metal mediated partial oxidation of olefins using the environmentally friendly oxidants 
H2O2 or O2 (air) is of great (industrial) importance.[1] For economic reasons, bulk oxidation of 
alkenes to useful industrial chemicals predominantly involves the use of O2 as the primary 
oxidant.[2] Also in fine-chemical processes clean oxidants are increasingly desirable. However, both 
H2O2 and O2 have a tendency to oxidise by mechanisms that are often poorly understood and 
therefore are not readily or rationally controlled.[3] In oxidation with O2, it is a challenge to use both 
oxygen-atoms, as this would circumvent the need for a sacrificial reductant.
As part of our effort to gain fundamental insight in the mechanism of metal catalysed oxidation of 
olefins by O2 and H2O2, we have started to investigate the stoichiometric oxidation of rhodium(I)- 
and iridium(I)-coordinated olefins by these oxidants. Homogeneous catalytic activity of rhodium in 
oxidation of olefins has been demonstrated. Selective oxidation of linear olefins to ketones by O2, 
H2O2 or tBuOOH[4] and oxidation of tetramethylethylene to the epoxide by tBuOOH have been 
reported.[5] Cyclic olefins and styrene have been oxidised with O2 to a variety of products, including 
ketones and epoxides.[6] Mechanistic proposals for these catalytic conversions are controversial. 
Rhodium complexes have otherwise received little attention in oxidation chemistry.
In metal catalysed oxidation of olefins, 2-metallaoxetanes have often been proposed as crucial 
intermediates. Remarkably, 2-rhodaoxetanes have not been invoked as intermediates in the above 
mentioned catalytic oxidations with rhodium. For iridium we are aware of one example of
I 2stoichiometric oxidation of a coordinated olefin, where [(P3O9)Ir (cod)] - is oxidised by O2 to a 
2-irida(III)oxetane.[7] Rearrangement of this 2-irida(III)oxetane results in an IrIII(2-hydroxy- 
cycloocta-4-ene-1,6-diyl) complex. In contrast, oxidation of [|(cod)IrI(^,-Cl}2] by air does not result 
in oxygenation of the cod: the dinuclear oxo-hydroxo complex [IrIII2Cl2(cod)2(mt-OH)2(^,-O)] is 
formed.[8] [{(cod)IrIII(H)(Cl)(mt-Cl}2], the HCl adduct of [{(cod)IrI(mt-Cl}2], has been reported to 
eliminate 4-cycloocten-1-one upon reaction with O2, after which the complex becomes a catalyst 
for the oxidation of cyclooctene by O2/H2.[9] A (cod)Irm(OOH) intermediate was postulated as 
intermediate.
In this Chapter we report on the electrochemical oxidation of complexes [“N3”Rh!(cod)]+ (cod= 
Z,Z-1,5-cyclooctadiene) and [“N3”RhI(hed)]+(hed= 1,5-hexadiene), and their oxidation by H2O2 and 
in some cases O2. In these complexes the stabilising ligand “N3” is a tridentate cyclic tri-amine or 
podal pyridine-amine-pyridine ligand.
2. Results
2.1 Synthesis of the diolefin complexes
We synthesised the cationic cod complex [1]+ by the route shown in Scheme 1. Stirring 1,4,7-
triazacyclononane (Cn) with [{(cod)Rh(mt-Cl)}2] in a molar ratio 2:1 in methanol at r.t. results in the
formation of [1]Cl. Addition of NH4PF6 to the thus obtained solution resulted in the precipitation of
[1]PF6. Similarly, addition of NaBPh4 to the solution of [1]Cl in methanol resulted in the
precipitation of [1]BPh4. The “N3“-ligand complexes [2]+- [7]+ and the “N2“-ligand complex [9]+,
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were obtained similarly as their PF6" or BPh4" salts, as shown in Scheme 1. The dinuclear complex
2+[8] was generated by reaction of [{(cod)Rh(|t-Cl)}2] with the ditopic ligand TPBN in a 1:1 molar 
ratio, and was isolated as [8](PF6)2.
/T
\  — N -
Cn: R= H 
Cn*: R= Me
[{(C8H12)Rh(^ 2-Cl)}]2 
MeOH, rt
n
R\ß
[1]+: R= H
[2]+: R= Me
[ { ^ H ^ R h ft i 2-Cl)}]2
MeOH, rt
BPh.'
BPA: R,R'= H 
BuBPA: R= Bu, R'= H 
BzBPA: R= Bz, R'= H 
BuBLA: R= Bu, R'= Me 
BzBLA: R= Bz, R'= Me
V i
N
N- (OH,),,- N
TPBN
N
[3]+
[4]+
[5]+
[6]+ 
[7]+
R,R'= H 
R= Bu, R'= H 
R= Bz, R'=H 
R= Bu, R'= Me 
R= Bz, R'= Me
[{(C8Hi2)Rh(|x 2-Cl)}]2
MeOH, rt
2+
È \£ T | (pf--)2
\ / i
NH,
PA
[{(C8H12)Rh(| 2-Cl)}]2
MeOH, rt
PF
Scheme 1. (Preparation of) RhI(cod) cations [1]+-[9]+
The 1,5-hexadiene (hed) complexes [10]+ and [11]+ were generated by reaction of [{(hed)Rh(|i- 
Cl)}2] with Cn* and BzBLA, respectively. They were precipitated as PF6- salts (see Scheme 2).
The complexes in Schemes 1 and 2 are all five-coordinate, with the exception of square planar 
complex [9]+.
+
p f 6- /R
BPh4-
NH4PF6 or NaBPh4
R
+
PF6- 'R
NH4PF6 or NaBPh 4
NH4PF6
+
NH4PF6
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‘Me 
BzBLA
PF«
[11]+
Scheme 2. Preparation o f RhI(hed) cations [10]+ and [11]+
+
2.2 NMR-data of the diolefin complexes
The cod complexes [1]+-[9]+ (Scheme 1) are all highly fluxional in solution. The r\ 4-cod fragments 
appear to be rotating fast on the NMR timescale; The two -HC=CH- fragments of cod are observed 
as one signal, both in 1H-NMR and 13C-NMR. The fluxionality observed for the five-coordinate 
complexes [1]+-[8]+ is thought to be a rapid equilibrium between trigonal bipyramidal and square 
pyramidal coordination geometries through rotation of cod (Scheme 3, path a). For complex [4]+, 
we attempted to freeze this process by cooling. However, at 500MHz this process is still fast at 
-90oC. Below -90oC the [D6]-acetone became too viscous to obtain a solution NMR-spectrum.
b)
a)
Route a): Fast equilibrium between 
square pyramidal and trigonal 
bipyramidal coordination geometry 
through rotation ofcod.
Route b): Slow equilibrium involving 
dissociation, pyramidal inversion and 
recoordination ofNRamir^f,.
Scheme 3. Fluxional behaviour o f five-coordinate complex [4]+.
+ +
+
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In the 1H-NOESY/EXSY spectrum of [11]+, the Py-C H  shows a clear NOE contact with the 
a-vinylic T| 4-hed proton -CH=CHcHx and no interaction with the ß-vinylic cis- (Hc) or trans- (Ht) 
hed protons -CH=CHcHt. The benzylic methylene fragment, N-CH2-Ph, shows a clear NOE contact 
with the ß-vinylic Hc and Ht and no interaction with the a-vinylic protons. No exchange correlations 
were observed in the 1H-NOESY/EXSY spectrum. Thus, the predominant structure of [11]+ in 
solution appears to be the five-coordinate structure drawn in Scheme 2.
The pyridine-amine-pyridine complexes [3]+-[8]2+ and [11]+ show very characteristic 1H-NMR 
spectra. For complex [3]+-[5]+ and [8]2+, the downfield chemical shifts of the Py-H6 signals (5= 9.2­
9.3), compared to those of the free ligands (5= 8.5-8.6), indicate that both pyridyl donors are 
coordinated in solution. Similarly, for complexes [6]+, [7]+ and [11]+ the downfield chemical shifts 
of the Py-Me signals (5= 3.5-3.6) relative to the free ligands (5= 2.5), reveal coordination of both 
methyl-substituted pyridyl donors (NPy-Me). In marked contrast, the Py-H6 signal in the square planar 
compound [9]+ (5= 7.8), has shifted upfield relative to the free pyridine-amine ligand (5= 8.5), 
probably due to anisotropic shielding by the olefin fragment that is coordinated perpendicularly to 
the pyridine plane. In the 1H-NMR spectra of [3]+-[8]2+ and [11]+, the diastereotopic methylene 
protons of the N-CH2-Py or N-CH2-PyMe fragments give rise to two AB type doublets. This
confirms coordination of the central amine donor (Namine). In the 1H-NOESY/EXSY spectrum of
2+[8]2+, NOE contacts are observed between the vinylic protons of the cod fragments and both Py-H6 
and a-CH2 of the N-(CH2)4-N tether. The above NMR-data clearly indicate k3-coordination of the 
pyridine-amine-pyridine ligands.
The two AB type doublets of the diastereotopic methylene protons of the N-CH2-Py fragments in 
[8]2+ show an exchange correlation in the 1H-NOESY/EXSY spectrum. At 90 MHz, the two AB 
type doublets of both complexes [8]2+ and [4]+ (1H-NMR) start to coalesce into a broad singlet at 
approx. 77oC. These observations indicate dissociation, pyramidal inversion and recoordination of 
NRamine (Scheme 3, path b).
2.3 X-ray structures of the cod complexes
The X-ray structures of the complexes [2]+, [3]+, [6]+, [7]+ and [8]2+ confirm that they are all five- 
coordinate in the solid state (see Figures 1-5). For both [6]+ and [7]+ two independent cations, 
[6A]+/[6b]+ and [7a]+/[7b]+ are found per unit cell. Selected bond lengths and angles are summarised 
in Tables 1 and 2. The structures all deviate from ideal trigonal bipyramidal or square pyramidal 
geometries. Nevertheless, we classified their geometry as either trigonal bipyramidal or square 
pyramidal based on the root-mean-square deviation of the observed coordination angles from those 
in ideal geometries. The N1-Rh1-N3 and N2-Rh1-N3 angles, and the bite-angle of the cod fragment 
were not taken into account because they are constrained by the backbones of the cod and 
N-ligands.
15
Chapter 2
Complex [2]+ (Figure 1) adopts a pseudo trigonal-bipyramidal coordination geometry in the solid 
state. Two NMeamine donors of Cn* (N1 and N2) and a double bond of cod (C11-C12) occupy the 
equatorial positions; the third NMeamine of Cn* (N3) and the other double bond of cod (C21-C22) 
occupy the axial positions.
3
Figure 1. X-ray structure o f trigonal bipyramidal complex [2]+.
Complex [3]+ (Figure 2) adopts an asymmetrical square pyramidal geometry. The two cod double 
bonds (C11-C12 and C21-C22), one of the pyridine nitrogens, NPy (N1), and NHamine (N3) are 
coordinated in the basal plane. The second NPy (N2) is coordinated at the apical position.
Figure 2. X-ray structure ofasymmetric square pyramidal complex [3]+. 
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The complexes [6a]+/[6b]+ (Figure 3) and [7a]+/[7b]+ (Figure 4) adopt an asymmetric trigonal- 
bipyramidal geometry. In these complexes Namine (N3), together with one of the 2-methylpyridyl 
donors, NPy-Me (N2), and a cod double bond (C11-C12) span the equatorial plane. The second N Py-Me 
(N1) and the other cod double bond (C21-C22) are coordinated axially.
Figure 4. X-ray structure o f asymmetric trigonal bipyramidal complex [7a]+.
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The dinuclear complex [8]2+ (Figure 5) adopts a symmetrical square pyramidal geometry. The two 
cod double bonds (C11-C12 and C21-C22) and the pyridine nitrogens (N1 and N2) are coordinated 
in the basal plane. The amine nitrogen, N  Bu amjne (N3) is coordinated at the apical position.
5a 5b
Figure 5. X-ray structure o f symmetric square pyramidal dinuclear complex [8]2+. 
5a): Relative position ofthe two rhodium centres.
5b): Detailed coordination geometry o f each rhodium centre.
8For d8-metals in a trigonal-bipyramidal geometry, theoretical and experimental results by Rossi and 
Hoffmann indicate that the strongest o-donor prefers the axial position and that olefins bind more 
strongly in the equatorial position.[10] In [2]+, [6a]+/[6b]+ and [7a]+/[7b]+ only one of the cod double 
bonds coordinates in the equatorial plane (double bond parallel with the equatorial plane). The Cn* 
ligand in [2]+ can only coordinate facially. In principle the pyridine-amine-pyridine ligands in 
[6A]+/[6b]+ and [7a]+/[7b]+ could also have been mer-coordinated, leaving both cod olefins to 
coordinate in the equatorial plane. However, this would have placed the cod double bonds 
perpendicular to the equatorial plane; an unfavourable orientation for ideal m eta ls  olefin n * back- 
bonding.[10, 11] Apparently, NPy-Me is a stronger o-donor than NRamine (R= Bu, Bz) in [6a]+/[6b]+ and 
[7A]+/[7b]+. In accordance with the predictions of Rossi and Hoffmann, the equatorial metal-olefin 
interactions in [2]+ and [6a]+/[6b]+ are the strongest, as indicated by the significantly shorter Rh-C 
distances of the equatorial cod double bond (Rh1-C11, and Rh1-C12) compared to the axial cod 
double bond (Rh1-C21 and Rh1-C22). For [7A]+ and [7B]+ the Rh-C distances for these two 
positions are not significantly different (see Table 1). As expected, the axial C-C distance (C21- 
C22) in [2]+ is shorter than the equatorial (C11-C12). Axial and equatorial C-C distances are not 
significantly different for [6a]+/[6b]+ and [7a]+/[7b]+.
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Table 1. Selected bond lengths [Ä] for [2]+, [3]+, [6A]+^[6B]+, [7A]+^[7B]+, [8]2+, [15A] +/[15B] + and [16a]+.[a]
[2]+ [3]+ [6A]+ [6B]+ [7A]+ [7B]+ [8]2+ [12]+ [15A]+ [15B]+ [16a]+
N1-Rh1 2.339(2) 2.218(2) 2.141(4) 2.151(4) 2.135(9) 2.138(8) 2.138(2) 2.228(3) 2.217(6) 2.217(6) 2.123(5)
N2-Rh1 2.335(2) 2.320(2) 2.273(4) 2.302(4) 2.282(8) 2.276(8) 2.155(2) 2.219(4) 2.314(6) 2.314(6) 2.165(4)
N3-Rh1 2.198(2) 2.119(2) 2.397(4) 2.390(4) 2.422(8) 2.408(7) 2.430(2) 2.098(3) 2.237(6) 2.237(6) 2.141(4)
C11-Rh1 2.083(3) 2.084(3) 2.086(5) 2.083(5) 2.096(10) 2.104(11) 2.088(3) 2.069(4) 2.090(15) 2.109(12) 2.069(6)
C12-Rh1 2.076(3) 2.063(3) 2.100(5) 2.100(5) 2.101(h ) 2.105(10) 2.118(3) 2.617(5)
C21-Rh1 2.158(3) 2.139(3) 2.150(4) 2.152(5) 2.153(10) 2.128(10) 2.122(3) 2.052(4) 2.135(17) 2.186(13) 2.167(6)
C22-Rh1 2.169(3) 2.148(3) 2.177(4) 2.153(5) 2.183(10) 2.161(10) 2.134(3) 2.605(4) 2.074(14) 2.090(14) 2.186(7)
C23-Rh1 2.117(13) 2.227(19) 2.148(7)
Rh1-O1 2.077(3)
C12-O1 1.515(5) 1.416(19) 1.401(18) 1.535(11)
C22-O1 1.503(5)
C11-C12 1.436(5) 1.401(6) 1.426(8) 1.412(8) 1.436(15) 1.427(15) 1.416(4) 1.522(6) 1.533(17) 1.522(17) 1.529(9)
C21-C22 1.381(4) 1.404(6) 1.387(7) 1.373(8) 1.401(15) 1.385(16) 1.404(4) 1.519(6) 1.467(18) 1.457(17) 1.517(11)
C11-C14 1.520(4) 1.511(6) 1.505(7) 1.525(7) 1.518(14) 1.495(15) 1.515(4) 1.520(6) 1.524(19) 1.530(18) 1.441(10)
C21-C24 1.499(5) 1.499(8) 1.522(7) 1.502(7) 1.496(15) 1.502(15) 1.513(4) 1.524(6) 1.53(2) 1.520(19) 1.472(10)
C12-C13 1.511(4) 1.503(5) 1.530(7) 1.497(9) 1.498(16) 1.527(17) 1.523(4) 1.520(7) 1.458(19) 1.441(18) 1.418(h )
C22-C23 1.508(5) 1.491(6) 1.502(7) 1.517(8) 1.522(16) 1.524(16) 1.502(4) 1.528(7) 1.371(17) 1.373(18) 1.387(9)
C14-C24 1.524(5) 1.487(9) 1.517(7) 1.474(8) 1.539(15) 1.532(15) 1.537(5) 1.538(7) 1.54(2) 1.526(19) 1.531(11)
C13-C23 1.527(5) 1.494(6) 1.500(8) 1.447(10) 1.550(17) 1.47(2) 1.516(5) 1.553(7) 1.470(19) 1.47(2) 1.533(9)
N3-C51 1.509(4) 1.475(4) 1.467(6) 1.480(6) 1.477(13) 1.467(12) 1.469(4) 1.495(5) 1.483(10) 1.483(10) 1.476(7)
N1-C52 1.485(4) 1.346(3) 1.364(6) 1.355(7) 1.343(13) 1.345(13) 1.339(4) 1.492(6) 1.464(h ) 1.464(h ) 1.341(8)
N3-C61 1.493(4) 1.482(3) 1.474(6) 1.469(5) 1.467(h ) 1.473(h ) 1.469(4) 1.507(6) 1.452(13) 1.452(13) 1.490(7)
N2-C62 1.493(4) 1.338(3) 1.354(6) 1.363(6) 1.380(13) 1.348(13) 1.339(4) 1.478(6) 1.44(2) 1.44(2) 1.345(7)
C51-C52 1.504(5) 1.494(4) 1.504(7) 1.511(7) 1.509(13) 1.513(13) 1.504(4) 1.497(6) 1.345(14) 1.345(14) 1.500(8)
C61-C62 1.505(5) 1.499(4) 1.517(6) 1.503(6) 1.506(14) 1.497(13) 1.505(4) 1.509(6) 1.39(2) 1.39(2) 1.500(7)
[a] For atom labelling see Figure 1-5, 7, 8 and 9. Superscripts A and B distinguish independent cations in the unit cell.
Table 2. Selected bond angles [°] for [2]+, [3]+, [6A]+^[^]+, [7A]+/^ [7B]+, [8]2+, [15A]+/[15B]+ and [16a]+.[a]r^ n+ r/rAn + r/rB + r*7An + + roi2+ n i^+ ri[2]+ [3]+ [6A]+ [6B]+ [7A]+ [7B]+ [8]2+ [12]+ [15A]+ [15B]+ [16a]+
N1-Rh1-N2 76.77(9) 75.77(8) 90.44(14) 91.57(13) 90.2(3) 87.3(3) 85.37(9) 80.37(13) 79.4(3) 79.4(3) 81.32(16)
N1-Rh1-N3 80.09(9) 78.13(8) 73.78(14) 74.66(15) 73.5(3) 73.5(3) 76.09(9) 81.87(13) 79.5(2) 79.5(2) 77.85(18)
N2-Rh1-N3 78.91(9) 77.35(8) 74.84(14) 74.14(13) 74.6(3) 75.2(3) 74.76(9) 82.14(13) 79.3(3) 79.3(3) 80.45(16)
N1-Rh1-C11 125.55(11) 130.96(14) 89.49(17) 89.52(17) 91.1(4) 92.4(4) 93.33(11) 102.13(15) 91.5(4) 103.4(4) 93.1(2)
N1-Rh1-C12 163.51(11) 167.16(12) 89.34(17) 89.62(19) 88.4(4) 8 8 .0 (4 ) 92.21(h ) 97.86(14)
N1-Rh1-C21 87.78(10) 89.43(11) 157.97(17) 160.91(18) 160.9(4) 161.7(4) 170.07(9) 171.45(15) 104.5(4) 171.2(4) 108.8(3)
N1-Rh1-C22 111.81(11) 110.53(12) 163.58(17) 160.83(19) 160.6(3) 160.0(4) 151.36(10) 135.86(14) 142.6(4) 131.5(4) 144.9(2)
N1-Rh1-C23 172.7(4) 104.7(5) 175.4(2)
N2-Rh1-C11 155.66(11) 148.24(15) 174.86(18) 178.63(18) 178.6(4) 178.7(4) 175.68(11) 173.39(14) 170.4(4) 172.7(4) 173.9(2)
N2-Rh1-C12 115.78(11) 110.82(13) 135.05(18) 139.71(18) 139.6(4) 139.1(4) 144.75(11) 138.42(14)
N2-Rh1-C21 113.54(11) 122.00(17) 100.70(16) 98.17(16) 97.5(4) 100.2(4) 98.35(11) 99.42(16) 102.0(5) 97.8(4) 103.1(2)
N2-Rh1-C22 91.02(11) 95.60(11) 88.43(17) 87.06(17) 8 9 .1(4 ) 91.2(4) 85.64(10) 99.80(14) 93.4(4) 8 8 .2 (4 ) 89.1(2)
N2-Rh1-C23 107.9(4) 109.4(5) 103.2(2)
N3-Rh1-C11 94.44(11) 90.76(12) 110.04(17) 106.96(17) 106.2(4) 105.9(4) 100.93(11) 104.21(15) 96.1(4) 94.4(4) 95.9(2)
N3-Rh1-C12 91.54(h ) 92.34(h ) 146.68(18) 143.98(18) 142.4(4) 141.0(3) 138.61(10) 139.13(14)
N3-Rh1-C21 160.26(11) 153.92(17) 90.71(16) 92.19(17) 91.6(4) 92.1(4) 95.93(10) 106.61(15) 176.0(4) 108.3(4) 172.7(2)
N3-Rh1-C22 162.44(11) 167.43(14) 121.53(16) 123.00(17) 124.7(4) 125.3(4) 127.12(10) 142.21(14) 135.6(4) 144.0(4) 133.9(2)
N3-Rh1-C23 102.5(4) 170.8(5) 101.8(2)
C11-Rh1-C12 40.41(13) 39.48(17) 39.8(2) 39.4(2) 40.0(4) 39.6(4) 39.33(12) 35.52(15)
22C--21C 37.22(12) 38.23(17) 37.39(19) 37.2(2) 37.7(4) 37.7(4) 38.54(11) 35.62(15) 40.8(5) 39.8(5) 40.8(3)
C21-Rh1-C23 73.5(5) 68.2(5) 71.3(3)
C21-Rh1-C11 79.96(12) 80.14(17) 81.09(19) 81.03(19) 81.4(4) 80.5(4) 82.27(11) 77.18(17) 83.2(6) 80.5(5) 8 1 .0 (3 )
C21-Rh1-C12 96.06(12) 95.77(14) 95.84(18) 93.4(2) 96.7(4) 96.8(4) 89.99(12) 76.55(16)
C22-Rh1-C23 38.2(5) 36.9(5) 37.3(3)
C22-Rh1-C11 88.87(13) 90.01(13) 90.2(2) 91.6(2) 89.5(4) 88.7(4) 97.38(12) 74.10(16) 95.7(5) 94.7(5) 96.9(3)
2C1--22C 79.84(12) 80.34(14) 80.0(2) 79.3(4) 79.6(4) 80.2(4) 79.83(h ) 53.39(15)
C23-Rh1-C11 81.3(5) 76.6(5) 82.4(2)
[a] For atom labelling see Figure 1-5, 7, 8 and 9. Superscripts A and B distinguish independent cations in the unit cell.
Table 2, continued. Selected bond angles [°] for [2]+, [3]+, [6A]+/[6B]+, [7a]+/[7b]+, [8]2+, [15A] +/[15B] + and [16a]+.[a]
[2]+ [3]+ [6A]+ [6B]+ [7A]+ [7B]+ [8]2+ [12]+ [15A]+ [15B]+ [16a]+
Rh1-C11-C12 69.54(17) 69.44(18) 70.6(3) 70.9(3) 70.2(6) 70.2(6) 71.45(17) 92.3(3) 111.3(10) 114.1(9) 108.0(5)
22C-21C-h1Rh 71.84(18) 71.23(19) 72.3(3) 71.5(3) 72.3(6) 72.5(6) 71.18(16) 92.5(3) 67.4(8) 66.5(7) 68.9(4)
Rh1-C12-C11 70.05(17) 71.1(2) 69.6(3) 69.6(3) 69.8(6) 70.1(6) 69.22(17) 52.2(2) 71.9(9) 73.7(8)
21C-22C-h1Rh 70.95(17) 70.5(2) 70.3(3) 71.3(3) 70.0(6) 69.9(6) 70.29(16) 51.9(2) 72.6(8) 73.7(8) 69.9(4)
Rh1-C22-C23 72.6(8) 77.0(10) 69.8(4)
Rh1-C23-C22 69.2(8) 6 6 .1(9 ) 72.8(4)
C21-C22-O1 103.8(3)
C11-C12-O1 103.8(3) 111.6(13) 113.3(12) 110.1(6)
C22-O1-Rh1 92.0(2)
C12-O1-Rh1 92.2(2)
C14-C11-C12 122.4(3) 122.1(4) 121.9(5) 122.9(5) 121.6(9) 123.7(10) 123.3(3) 116.8(4) 108.6(13) 108.4(12) 116.6(7)
C11-C12-C13 124.1(3) 124.3(4) 125.2(5) 124.1(6) 125.6(10) 123.4(10) 121.9(3) 119.6(4) 114.9(13) 112.4(12) 114.0(6)
C12-C13-C23 111.7(3) 113.1(3) 113.5(5) 115.0(5) 112.1(9) 113.0(10) 111.2(3) 104.7(4) 115.6(13) 114.4(13) 114.5(6)
C24-C14-C11 110.9(3) 111.3(4) 112.6(4) 115.0(4) 111.6(8) 112.4(9) 112.5(2) 110.6(4) 110.0(13) 109.5(h ) 113.9(6)
C22-C21-C24 124.9(3) 125.6(4) 125.2(5) 124.7(5) 125.2(10) 123.6(10) 123.1(3) 115.8(4) 122.8(15) 122.2(12) 122.0(7)
C23-C22-C21 123.7(3) 122.0(3) 122.3(5) 123.2(5) 122.5(10) 125.1(10) 125.6(3) 120.2(4) 127.4(12) 121.9(13) 119.9(6)
C13-C23-C22 112.4(3) 112.6(3) 112.3(4) 114.4(5) 110.4(9) 113.7(9) 111.8(2) 105.3(4) 132.0(14) 131.8(16) 125.9(6)
C21-C24-C14 112.7(3) 113.8(3) 113.1(4) 114.7(4) 112.6(9) 112.2(9) 113.0(3) 108.9(4) 114.8(14) 111.5(13) 107.7(6)
Rh1-N1-C52 98.79(18) 112.33(17) 113.1(3) 113.9(3) 113.7(6) 115.2(6) 119.52(18) 107.7(3) 107.3(5) 107.3(5) 1 1 6 .0 (4 )
N1-C52-C51 112.6(3) 115.8(2) 117.2(4) 117.9(4) 118.7(8) 116.0(8) 120.4(3) 111.0(4) 121.4(8) 121.4(8) 115.0(5)
C52-C51-N3 112.1(3) 111.2(2) 110.4(4) 110.5(4) 109.3(8) 109.6(8) 115.6(3) 112.1(4) 119.5(7) 119.5(7) 110.1(4)
C51-N3-Rh1 109.94(19) 108.77(16) 98.1(3) 99.4(3) 98.2(6) 97.5(5) 108.01(18) 104.2(3) 105.9(5) 105.9(5) 109.2(3)
Rh1-N2-C62 107.55(19) 111.12(17) 115.7(3) 114.3(3) 114.8(6) 115.8(6) 119.04(19) 101.7(3) 104.1(8) 104.1(8) 112.3(3)
N2-C62-C61 112.0(3) 116.4(2) 1 1 8 .0 (4 ) 115.2(4) 116.6(8) 119.5(8) 116.6(3) 110.9(4) 122.6(11) 122.6(11) 115.9(4)
C62-C61-N3 112.0(3) 112.5(2) 112.7(4) 111.1(4) 112.4(9) 115.6(8) 113.0(2) 111.9(4) 120.3(h ) 120.3(h ) 111.9(4)
C61-N3-Rh1 103.89(18) 111.08(16) 106.9(3) 107.4(3) 105.3(5) 107.4(5) 103.43(17) 110.4(3) 108.2(7) 108.2(7) 1 0 8 .2 (3 )
[a] For atom labelling see Figure 1-5, 7, 8 and 9. Superscripts A and B distinguish independent cations in the unit cell.
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For d8-metals in a square-pyramidal geometry, Rossi and Hoffmann have shown that the strongest 
o-donor ligand prefers the basal position and that olefins interact stronger in the basal position.[10] 
The X-ray structure of [3]+ therefore seems to indicate that NHamine (N3) is a stronger o-donor than 
NPy. Apparently, the tertiary amine N Bu amine (N3) is the weaker o-donor in [8]2+. Based on the 
above X-ray data the relative donor strength of the nitrogen atoms in the above pyridine-amine-
pyridine ligands appears to be. N amine > NPy > N amine and NPy-Me > N amine = N amine.
Notably, in [2]+ the N-donors in the trigonal plane (N1 and N2) span the smallest N-Rh-N angle. In 
order to be closer to the ideal 120° angle for the trigonal bipyramid, the N-donors in the trigonal 
plane would be expected to span the largest N-Rh-N angle. We, and others, observed similar 
deviations from ideal trigonal bipyramidal geometry in related rhodium(I) and iridium(I) 
complexes,[12] although a more normal behaviour of angles (as expected) has also been reported.[13] 
Possibly, the description of [2]+ as a trigonal bipyramid is not the most appropriate. Alternatively, 
one could describe [2]+, and other five-coordinate trigonal bipyramidal RhI-and IrI-complexes, as 
pseudo-square planar geometries, in which two o-donor atoms share a single coordination site.
The Rh-N distances for Namine (2.335-2.422 Â) and NPy-Me (2.273-2.302 Â) in the trigonal plane of
[2]+, [6a]+/[6b]+ and [7A]+/[7B]+, are long compared to the range of Rh-Nsp2 (2.007-2.140 Â)[14] and 
Rh-Nsp3 (2.111-2.178 Â)[14f 15] distances reported for square planar “N2”Rh!(cod) complexes. The 
few reported X-ray structures of five-coordinate “N3”Rh!(cod) and “N3”Rh!(nbd) (nbd= 
norbornadiene) complexes are all trigonal bipyramidal, and contain only N sp2-donors. Their Rh-Nsp2 
distances (axial. 2.096-2.166 Â; equatorial 2.16-2.293 Â) compare quite well with the Rh-NPy-Me 
distances in [6a]+/[6b]+ and [7a]+/[7b]+ (axial. 2.135-2.151 Â; equatorial. 2.273-2.302 Â).[16]
2.4 Electrochemical oxidation of the diolefin complexes
Electrochemical oxidation of the cod complexes [1]+-[7]+ and [9]+ (Scheme 1) was studied by 
means of cyclic voltammetry. For complexes [1]+, [3]+, [6]+ and [7]+ in CH2Cl2 (0.1 M TBAH) a 
reversible one electron oxidation was observed at 100 mV/s. The other complexes were oxidised13irreversibly at this scan-rate. Table 3 gives for each complex the C chemical shift of the olefinic 
cod fragments (8(13Cc=c) and the anodic peak potential (Epanode) of the observed oxidation wave. 
For the reversible oxidations the halfwave potentials (Eh) and the peak-separations (AE) are also 
listed. The 1,5-hexadiene complex [10]+ (Scheme 2) is oxidised more easily (irreversibly; Epanode 
=141 mV) than its cod analogue [2]+ (irreversibly; Epanode =225 mV).
Due to its cationic nature, four-coordinate [9]+ (Scheme 1) is oxidised at a higher potential than 
four-coordinate [|RhI(cod)(mi-Cl)]2]. The cationic five coordinate complexes [1]+-[7]+ are however
oxidised at lower potentials than [|RhI(cod)(mi-Cl)]2]. Addition of 1 eq. [H(OEt2)2]B(Ar(CF3)2)4 to+ 2+[3]PF6 converts [3] to square planar complex [18] , in which one of the pyridines of the pyridine-
amine-pyridine ligand has been protonated (see section 2.6 and Scheme 5). Quite remarkably, this 
has virtually no effect on Epanode. This seems to indicate that, before or after one-electron oxidation, 
the protonated k2-BPA deprotonates and stabilises the resulting Rhn-centre by k3-coordination.
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Table 3. E^anode and ö(i3Ct^ c^ c)) for [(L)R^ hI(cod)]+ complexes.
Complex L 5 (13c (c=q ) EPanode a) r  a,b)Ey AE a,b)
[1]+ Cn 69.2 -5 -38 66
[3]+ BPA 72.3 119 86 66
[3]++1eq. H+ ([18]2+) BPA#+ 84.1c) 136 -- --
[2]+ Cn* 74.2 225 -- --
[4]+ BuBPA 75.9 265 -- --
[5]+ BzBPA 76.2 296 -- --
[6]+ BuBLA 76.5 300 270 60
[7]+ BzBLA 77.2 341 307 68
[{Rh(cod)0t-Cl)}2] Cl- 78.5d) 457 -- --
[9]+ PA 82.6 597 -- --
a) Measured in CH2Cl2 (0.1 M TBAH); Potentials in mV vs. the Fc/Fc+ couple.
b) In case of electrochemically reversible oxidations.c) Average of the four observed signals at -48oC.d) Taken from ref. [17].
Figure 6 shows a linear correlation between 8(13Cc=c) and Epanode.
EPanode (mV VS Fc/Fc+)
Figure 6. Linear correlation between 8(13CC=C) and Epanode in a series of[(L)RhI(cod)]+ complexes.
The strong influence of the nitrogen donor ligands on Epanode seems to indicate that the observed 
oxidations are metal-centred.[18] The linear relationship between 8(13Cc=c) and Epanode suggests that 
both reflect the o-donor capacity of the nitrogen donor ligand. A higher donor capacity results in a 
lower Epanode and a lower S(13CC=C). Lowering of S(13CC=C) on going from four-coordinate to five- 
coordinate [(tris-pyrazolylborate)RhI(cod)] complexes has previously been ascribed to increased 
rc-back bonding to the cod double bond;[19] it seems reasonable to assume that stronger N ^  Rh 
donation will also result in stronger R h ^  C=C back-donation.
5(13Cc=c) and Epanode indicate the following order of donor capacity of the N-ligands: Cn > BPA > 
Cn* > BuBPA > BzBPA = BuBLA > BzBLA >> PA. By combination of these relative ligand 
donor capacities with the relative o-donor strengths of the individual nitrogen donors for the
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pyridine-amine-pyridine ligands derived from the X-ray data, we obtain the following refined order
of 0 -don° r strengths: N amine > NPy > NPy-Me > N amine = N amine.
The relative o-donor strengths of the amine nitrogens and pyridine nitrogens in the above ligands 
seem to be largely determined by steric repulsion. The order of donor strength NHamine > NBuamine = 
NBzamine finds its parallel in the greater Lewi s-b asi city of secondary amines (R2NH) relative to 
tertiary amines (R3N) in the gas phase.[20] For the pyridine nitrogens, the orders of Lewis-basicity 
and Br0 nsted-basicity have been reported to be NPy > NPy-Me and NPy-Me > NPy , respectively^20^  21]
2.5 Oxidation of the diolefin complexes by H2O2
Upon reaction of [2]PF6 with an excess of 35% aqueous H2O2 in methanol, the colour of the 
solution immediately changed from bright-yellow to pale-yellow. The 1H-NMR spectrum of the 
pale-yellow powder that was obtained by evaporation of the solvent, indicated quantitative 
conversion of [2]PF6 to [12]PF6 (Scheme 4).
H2O 2
- H2O
n +
H2O 2
- H2O
[3]+ : R= H
[4]+ : R= Bu
[14a]+ : R= Bun
[14b]+: R= Bu
not observed with R= H
n +
H
n +
[16a]+ : R= H 
[17a]+ : R= Bu
[17b]+: R= Bu
not observed with R= H
Scheme 4. Selective oxidation o f RhI(cod) complexes by H2O2; Formation o f Rh(III)- 
oxabicyclononadiyl complexes and rearrangement to Rh(III)-hydroxycyclooctenediyl complexes.
+
+ +
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The X-ray structure of [12]+ shows that oxygenation of both double bonds of the cod fragment in
[2]+ has resulted in a 9-oxabicyclo[4.2.1]nona-2,5-diyl (“oxabicyclononadiyl”) fragment (see 
Figure 7). Oxidation of [2]+ by H2O2 in [D6]-acetone or CD3CN gave the same result.
The oxabicyclononadiyl fragment is a tetrahydrofuran derivative. It is connected to rhodium(III) via 
two Rh-C bonds and a dative Oether^ R h  bond. The structure of oxidation product [12]+ is 
unprecedented, but has some structural similarity to the 1,4-cycloaddition product of [{(cod)Rh(mt - 
Cl)}2] with hexafluorobut-2-yne.[22] Selected bond lengths and angles are summarised in Tables 1 
and 2. The coordination geometry of the rhodium atom is pseudo-octahedral. The Rh-C distances 
(2.052(4) Â and 2.069(4) Â) are normal for Rh111 as are the Rh-N distances. The Rh-N3 distance 
(2.098(3) Â) is shorter than the Rh-N1 and Rh-N2 distance (2.228(3) Â and 2.219(4) Â). This 
reflects the smaller trans influence of Oether relative to the hydrocarbyl carbons. The RhIII-Oether 
distance (2.077(3) Â) is short compared to previously observed RhIII-Oether distances (2.11-2.28 Â), 
whereas the Oether-C distances (1.515(5) Â and 1.503(5) Â) are long relative to those for other Rhm- 
coordinated ethers (1.35-1.49 Â).[23] The observed oxidation bears some resemblance to the 
stoichiometric permanganate oxidation of 1,5-hexadienes to tetrahydrofurans.[24]
Similar oxidation of [3]Cl by H2O2 in methanol at r.t. results in the instantaneous selective 
formation of the oxabicyclononadiyl complex [13a]Cl (Scheme 4). Treatment of the resulting 
solution with NaBPh4 results in precipitation of [13a]BPh4. The structure of [13a]+ was derived 
from 1H- and 13C-NMR-data.
The 1H-NMR spectrum obtained upon addition of H2O2 to [4]PF6 in [D6]-acetone at r.t., indicated 
the presence of two isomeric oxabicyclononadiyl complexes [14a]PF6 (asymmetric) and [14b]PF6 
(symmetric), in a molar ratio 5:1.[25] Selective formation of asymmetric [14a]+ was observed when 
the reaction was carried out at -10 ° C. We observed no isomerisation of [14a]+ to [14b]+ (or visa 
versa) at r.t. in [D6]-acetone. The formation of isomers [14a]+ and [14b]+ upon oxidation of [4]+,
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probably results from H2O2 attack at stereoisomeric five-coordinate species (e.g. the trigonal 
bipyramidal and square pyramidal isomers of Scheme 3). Apparently, the preference for oxidation 
of one specific stereoisomer is higher for [3]+ than for [4]+.
1H-NMR and FAB-Ms indicate that oxidation of complex [5]PF6 (scheme 1) by H2O2 is analogous 
to that of [4]PF6. At r.t. a 1:5 mixture of the analogues of [14a]+ and [14b]+ is formed, whereas at 
-10oC only the analogue of [14b]+ is formed. 1H-NMR shows that instantaneous oxidation of the 
dinuclear complex [8](PF6)2 in CD3CN by H2O2 results in a mixture of three isomers; one 
containing two symmetric, one containing a symmetric and an asymmetric, and one containing two 
asymmetric rhodium(III)-oxabicyclononadiyl sites.
In contrast to the instantaneous, selective, oxidation of complexes [2]+, [3]+, [4]+, [5]+ and [8]2+, 
oxidation of the sterically hindered complexes [6]+ and [7]+ (see Scheme 1) with H2O2 is very slow 
and aselective. In the presence of a ten-fold excess of H2O2, solutions of both [6]+ and [7]+ proved 
stable for at least 2 hours. After 20 hours, 1H-NMR indicated the formation of a complex mixture of 
reaction products. The methylgroups at the pridine-6-position apparently hamper attack of H2O2 at 
the rhodium(I) centre.
The obtained oxabicyclononadiyl complexes [12]PF6 and [14a]+/[14b]PF6 are stable at r.t. The 
analogous complex [13a]BPh4 however slowly converts to the 2-hydroxy-cycloocta-4-ene-1,6-di-yl 
(hydroxycyclooctenediyl) complex [16a]BPh4 at r.t., both in solution and in the solid state 
(Scheme 4). The hydroxycyclooctenediyl fragment contains a ß-hydroxyalkyl- and a r\3-allyl- 
moiety. The structure of [16a]+ has been determined by X-ray diffraction (Figure 8).
Figure 8. X-ray structure o f hydroxycyclooctenediyl complex [16a]+.
The solution structure, as determined by 1H-NMR, 13C-NMR, 1H-NOESY, 1H-COSY and 1H-13C- 
correlation techniques, is in accordance with the X-ray structure.
The rearrangement of [13a]+ to [16a]+ is accelerated by acid, as judged by 1H-NMR: In the absence 
of added acid, conversion in CD2Cl2 at r.t. proceeds to approximately 1% in 2 hours, whereas in the
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presence of 0.2 eq. of the non-coordinating acid [H(OEt2)2]B(C6H3(CF3)2)4 (“HBArf4”)[26] 
conversion is quantitative within 2 hours.
The observed N(3)-O(1) distance of 3.007 Â in the X-ray structure of [16a]+ (Figure 8) is indicative 
for the presence of a N - H O  hydrogen-bridge.[27] The selective formation of [16a]+ from [13a]+ 
might have been controlled by the formation of this hydrogen-bridge. However, heating of the 
analogous [14a]PF6 (obtained by oxidation of [4]+ at -10oC) in CD3CN at 80oC for 12 hours results 
in the selective formation of hydroxycyclooctenediyl complex [17a]PF6 according to 1H-NMR and 
1H-NOESY. This implies that the hydrogen-bridge in [16a]+ can not be responsible for the observed 
selectivity. Heating a 5:1 mixture of [14a]PF6 and [14b]PF6 (obtained by oxidation of [4]+ at r.t.) in 
CD3CN results in a 5:1 ratio of [17a]+ and a second complex, which according to 1H-NMR is 
isomer [17b]+ (Scheme 4). Likewise, oxabicyclononadiyl complex [12]X (X-= PF6-/BPh4-) 
rearranges upon heating in CH3CN to hydroxycyclooctenediyl complex [15]X (Scheme 4). Complex 
[15]X was isolated in quantitative yield by evaporation of the solvent. The structure of [15]PF6 has 
been determined by X-ray diffraction (see Figure 9). The structure showed severe disorder, which 
could adequately be refined as a superposition of two cations [15A]+ and [15B]+. The solution 
structure of [15]+, as determined by 1H-NMR, 13C-NMR, 1H-NOESY, 1H-COSY and 1H-13C- 
correlation techniques, is in accordance with the X-ray structure.
Figure 9. X-ray structure o f hydroxycyclooctenediyl complex [15A]+ (same orientation as [16a]+). 
The coordination geometry of the rhodium atoms in [16a]+ and [15A]+/[15B]+ is pseudooctahedralIII 2and very similar to that of [(P3O9)Ir (2-hydroxy-cycloocta-4-ene-1,6-di-yl)] -, reported by 
Klemperer et al.[7] Selected bond lengths and angles are summarised in Tables 1 and 2. In both
3 +complexes the r\ -allyl fragment is symmetrically coordinated. In [16a] the Rh-N2 distance is 
longer than the Rh-N1 and Rh-N3 distances, reflecting the larger trans-influence of the ß -hydroxy- 
alkyl fragment compared to the allyl fragment. A similar difference was observed for the Ir-OIII 2-distances in [(P3O9)Ir (2-hydroxy-cycloocta-4-ene-1,6-di-yl)] -.
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In contrast to the oxidation of [2]PF6, oxidation of complex [1]PF6 in CD3CN at r.t. with aqueous 
H2O2 proceeds directly to a hydroxycyclooctenediyl complex in 70% selectivity (according to 1H- 
NMR; 30% unidentified products) without detectable formation of an oxabicyclononadiyl 
intermediate. Oxidation of [9]PF6 by aqueous H2O2 in acetone-[D6] at r.t. also results in direct 
formation of the hydroxycyclooctenediyl complex. The selectivity in this case is 100% as was 
concluded from 1H-NMR.[28] The parent ion in the FAB-Ms spectrum of the solid obtained by 
precipitation with diethylether, corresponds with the coordinatively unsaturated species 
[(2-pyridylmethyl-amine)RhIII(hydroxy-cyclooctenediyl)]+. In solution, the complex is probably 
stabilised by coordination of either H2O, acetone or the hydroxy-group of the 
hydroxycyclooctenediyl fragment.
Attempts to oxidise the hed complexes [10]+ and [11]+ by aqueous H2O2 in various solvents 
(acetone, CH3CN or CH2Cl2) at r.t. or at -10oC in all cases resulted in elimination of hed. For both 
[10]+ and [11]+, the reaction with H2O2 is accompanied by evolution of gas. This seems to indicate 
rhodium catalysed disproportionation of H2O2 into H2O and O2 (catalase activity). Such H2O2 
decomposition was not observed in reaction of H2O2 with any of the cod complexes. The reaction of 
H2O2 with [11]+ was observed to be much slower than with [10]+, probably because the methyl 
groups at the pyridine-6-position in [11]+ hamper attack of H2O2 at the rhodium(I) centre 
(Scheme 2).
2.6 Oxidation by O2 (air)
In the absence of added acid, none of the above cod complexes reacts with O2. In the presence of 
HBArf4, some of them can be oxidised by O2 (air), to the same products as obtained through 
oxidation with H2O2 (see Scheme 4). The selectivity’s observed by oxidation with O2 proved to be 
critically dependent on the nitrogen-donor ligand and the solvent. Table 4 summarises the results.
Table 4. Conditions and results o f oxidation o f RhI(cod) complexes by O2.
Solvent Acid (eq.) Conv.
(%)
Oxabicyclo- nonadiyl (%) Hydroxycyclo- octenediyl (%) Free cod (%)
Unknown
(%)
[1]PF6 Cn CH2Q2 HBArf4 (0.2) 100 -- 70 -- 30[3]PF6 BPA CH2Cl2 HBArf4 (0.2) 100 -- 100 a) -- --
[4]PF6 BuBPA CH2Cl2 HBArf4 (0.3) 30 -- -- 30 --
[3]PF6 BPA CH3CN -- 100 -- 50 a) 50 --
[4]PF6 BuBPA CH3CN NH4PF6 (0.2) 100 50 b) -- 50 --
All experiments under 1.6 bar O2. Percentages conversion and yield are based on 1H-NMR integral ratios. 
a) [16a]+; b) 40% [14a]+ and 10% [14b]+
Selective oxidation of the cod fragment by O2 is only observed for [3]+ in CH2Cl2. It results in 
formation of hydroxy-cyclooctenediyl complex [16a]+. In the same solvent, complex [1]+ is 
oxidised to [(Cn)RhIII(hydroxycyclooctenediyl)]+ in only 70% selectivity. Oxidation of complex [4]+ 
in CH2Cl2 results in consumption of the added H+ under elimination of cod. The clear differences 
observed between BPA complex [3]+ and BuBPA complex [4]+ upon oxidation in CH2Cl2,
disappear upon oxidation in CH3CN; for both complexes 50% of the cod dissociates and 50% is
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oxidised. Upon treatment of [2]+ with [H(OEt2)2]BF4 and O2 in CH2Cl2 the peaks in the 1H-NMR 
spectrum shift, but oxidation of the cod fragment is not observed. Like [4]+, BuBLA complex [6]+ 
reacts stoichiometrically with O2 and HBArf4 in CH2Cl2 under elimination of cod. Exposure of the 
hed complexes [10]PF6 or [11]PF6 to O2 or air, leads to slow elimination of hed, as was observed in 
the reaction of these complexes with H2O2.
We investigated the oxidation of [3]+ by O2 in more detail. As indicated by 1H-NMR, exposure of a 
CD2Cl2 solution of [3]PF6 at r.t. to air or O2 results in the slow formation of a mixture of [13a]PF6 
and [16a]PF6, which subsequently converts to [16a]PF6 in four days. From this reaction mixture we 
isolated pure [16a]PF6 in 90% yield. Under these conditions a CD2Cl2 solution of [3]BPh4 proved to 
be stable. Apparently, oxidation of [3]+ is mediated by traces of acid (e.g. NH4PF6), which are 
scavenged by reaction with BPh4-.[29]
The oxidation rate of [3]+ under 1.6 bar O2 as a function of added HBArf4 was followed by 1H-NMR 
(Figure 10).
time (hours)
Figure 10. Plot o f ln(At/Ao) versus time in the oxidation o f [3]+ by O2; showing first order kinetics 
in [3]+ and the influence o f added HBA/4 on the reaction rate.
The plots of ln[At/A0] vs. time result in straight lines, characteristic for first order kinetics in [3]+
(At = conc. [3]+ at time t, Ao = initial conc. [3]+).[30] Clearly the oxidation rate increases with the
f f amount of HBAr4 added (Figure 10). Upon addition of >0.05 eq. HBAr4, only minor amounts of
[13a]+ were detectable during the reaction of [3]+ to [16a]+. This is consistent with our previous
observation that the transformation of [13a]+ to [16a]+ is acid-catalysed (section 2.5).
Addition of 1 eq. HBArf4 to [3]PF6 in CD2Cl2 under N2 results in broadening of the pyridyl-signals
I 2+at r.t., and the square planar dicationic (pyridinium-amine-pyridine)Rh (cod)-complex [18] was 
identified by 1H- and 13C-NMR of the resulting solution at -48oC (Scheme 5).[31] Exposure of this 
solution to O2 results in nearly quantitative conversion to [16a]+ within 1 hour.
29
Chapter 2
h “ I *
• P N>
Py~ Rh'
/ y  \
[3]+
h+ h ' h^,------N n2+
*  R
[18]2+
V / — Rh-
n2+
\ / Py 
V y " R \ ‘n '0
1o
1_ h
Scheme 5. Protonation of 
intermediate [19]2+.
[3]+ to [18]2+. Oxidation of [3]+ via proposed hydroperoxo
Addition o f equimolar amounts o f a radical trapping compound such as ethanol or 2-t-butyl-4- 
methylphenol[32] has no effect on the oxidation o f [3]+ by O2. Reaction o f [3]PF6 with O2 in CH2Cl2
18 18 in the presence o f approx. 50 eq. H 2 O showed no significant incorporation o f O in the final
product [16a]+. Volumetric gas burette measurements for the reaction o f [3]+ with O2 indicated a
consumption o f 1 mole O2 per mole [3]+.
O2
2+
3. Discussion
It seems reasonable to assume that oxidation o f rhodium(I) coordinated cod to a rhodium(III) 
coordinated oxabicyclononadiyl fragment proceeds via an intermediate 2-rhoda(III)oxetane which 
subsequently undergoes insertion o f the second double bond o f cod into the Rhm-O bond (Scheme 
6). An analogous 2-irida(III)oxetane has been isolated as a trimethaphosphate complex from the
I 2 [7]reaction o f dioxygen with [(P3O9)Ir (cod)] -.[] For this 2-iridaoxetane, insertion o f the second 
double bond o f cod into the Ir-O bond was not observed.
Rh "O"
Rhm-hydroxycyclooctenediyl
+
+
Scheme 6 . Formation o f Rhin-oxabicyclononadiyl by olefin insertion into the Rh-O bond of a 
2-rhoda(III)oxetane intermediate (a); Rearrangement to Rh111-hydroxycyclooctenediyl via 
abstraction o f an allylic hydrogen by the nucleophilic oxygen atom of the 2-rhoda(III)oxetane (b).
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W e propose that rearrangement o f the oxabicyclononadiyl fragment to the hydroxycyclooctenediyl 
fragment proceeds via formation o f the intermediate 2-rhoda(III)oxetane and net abstraction o f an 
allylic proton by the nucleophilic oxygen o f the 2-rhodaoxetane (Scheme 6 ). This would be similar 
to the rearrangement observed for the above mentioned 2-iridaoxetane.[7] W e cannot exclude that 
the hydroxycyclooctenediyl fragment is formed directly from the oxabicyclononadiyl fragment by an 
elimination reaction, but the route via a 2-rhodaoxetane seems more feasible. The faster 
rearrangement o f [13a]+ to [16a]+ in the presence o f acid could well be the result o f protonation of 
the 2-rhodaoxetane oxygen. Subsequent electrophilic attack o f the Rh(III) centre at the allylic C-H 
bond would thus complete acid catalysed formation o f [16a]+.
W ith the pyridine-amine-pyridine type ligands three diastereomeric 2-rhoda(III)oxetanes Aí, An and 
B (Scheme 7) can be formed. The asymmetric oxabicyclononadiyl complexes [13a]+ and [14a]+ 
would result from a “ least motion” rearrangement o f A I or A II, whereas symmetric [14b]+ would 
result from such a rearrangement o f B. It appears that at r.t. isomer B is accessible for the BuBPA 
ligand and not for BPA. The hydroxycyclooctenediyl complexes [16a]+ and [17a]+ (Scheme 4) are 
likely to result from a “ least motion” rearrangement o f isomer AI (see Scheme 7). A different 
hydroxy-cyclooctenediyl isomer would be expected from AII. [17b]+ is likely to result from a “ least 
motion” rearrangement o f B. For [3]+, isomer AII is probably less stable than AI because o f the trans 
orientation o f the two strongest o-donors. For [4]+ however, AII is expected to be more stable than 
AI. Despite that, the hydroxycyclooctenediyl isomer resulting from a “ least motion” rearrangement 
o f AII is not observed.
n + n +
Scheme 7. Three possible diastereomeric 2-rhoda(III)oxetanes with pyridine-amine-pyridine 
ligands. (Only one o f two enantiomers shown.)
M echanism  of H 2O 2 oxidation
The relative stability o f [6 ]+ and [7]+ towards H 2O2 suggest that the bulky Py-Me donors prevent 
H2O2 attack at rhodium(I). The nature o f the oxidation-products (O transfer via endo attack o f “ O” 
at cod double bond) also suggests a mechanism involving O transfer via rhodium. Direct O transfer 
to the olefin would have resulted in exo-attack, as in W acker-oxidation o f Pd-olefin complexes.[33] 
One could imagine a mechanism involving electrophilic attack by H 2O2, affecting net OH+ transfer 
to Rh!.[34] Insertion o f a cod double bond into the thus obtained Rhm-OH bond, and abstraction o f a
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proton from the resulting 2 -(hydroxy)alkyl fragment would provide the 2 -rhodaoxetane 
intermediate. However, alternative mechanisms, such as a direct oxo-transfer from H 2O2[35] can not 
be excluded.
M echanism  of O 2 oxidation
The reaction o f the dianionic Ir(I)-complex [(P3O9)Ir!(cod)]2- with O2, reported by Klemperer et al,[7] 
is to our knowledge the only previous example o f the oxidation o f a metal-cod complex to a metal- 
hydroxycyclooctenediyl complex. This reaction was proposed to proceed via dinuclear activation of 
O2 in an [Ir]-O-O-[Ir] intermediate on the basis o f volumetric gas burette measurements which 
indicated consumption o f 0.5 mole O2 per mole [(P3O9)Ir!(cod)]2-.
W ith Klem perer’s dinuclear mechanism in mind, we designed dinuclear complex [8 ]2+. W e argued 
that, for reasons of entropy, dinuclear complex [8 ]2+ would be more prone to oxidation by O2 than 
its mononuclear analogue [4]+ (or [3]+).[36] W e observed however no differences between [8 ]2+ and
[4]+ in the rate o f reaction with O2. W e have observed selective oxidation only for the mononuclear 
BPA-complex [3]+ in CH2Cl2. In contrast to the O2 uptake reported for [(P3O9)IrI(cod)]2-, our 
volumetric gas burette measurements for the reaction o f [3]+ with O2 indicate consumption o f 1 
mole O2 per mole [3]+.
As the reaction o f [3]+ with O2 in the presence o f approx. 50 eq. H218O showed no significant 
incorporation o f 18O-labeled oxygen in the final product [16a]+, the oxygen atom in oxygenation of 
[3]+ must stem from O2. Therefore a mechanism involving nucleophilic attack o f H2O (Wacker-type 
mechanism) on a [Rhm(cod)]3+ fragment can be excluded.
The reaction o f [3]+ with O2 is clearly catalysed by H+, and the kinetic data suggest that the reaction 
proceeds via a mononuclear complex in the rate determining step. It is tempting to propose that [3]+, 
O2 and H+ form the hydroperoxo complex [(BPA)Rhm(OOH)(cod)]2+ [19]2+ as the initial oxidation 
product via reaction o f [18]2+ with O2 (Scheme 5). Precedents for this type o f reaction have been 
reported for a similar “N 3”Rh!(diphos) complex.[37] The observed dissociation o f cod (vide supra) in 
the reaction o f [3]PF6 with O2 in CH3CN could be the result o f substitution o f cod in [19]2+ by 
CH3CN.
In view o f the observed consumption o f 1 mole O2 per mole o f [3]+, hydroperoxo intermediate
[19]2+ or a resulting (hydro)peroxometallacycle (chapter 1) must lose one oxygen atom in formation 
of a 2-rhodaoxetane. The fate o f this oxygen atom is puzzling, particularly since the solvent CH2Cl2 
is sometimes referred to as “ non-oxidisable” .[38]
Other mechanisms, e.g. involving one electron oxidation o f Rh* to Rhn by O2 cannot be completely 
ruled out. However, the observation that a radical trapping compound such as 2-t-butyl-4- 
methylphenol has no influence on the oxidation o f [3]+ by O2 indicates a non-radical pathway.
4. Conclusions
New five-coordinate, cationic complexes [“N 3”Rh!(cod)]+ are selectively oxygenated by H 2O2 and 
(in some cases) O2 to rhodium(III)-(oxabicyclononadiyl) complexes which rearrange to 
rhodium(III)-(hydroxycyclooctenediyl) complexes. Oxygenation o f cod to an oxabicyclononadiyl 
fragment and subsequent rearrangement to a hydroxycyclooctenediyl fragment are both proposed to 
proceed via a 2-rhodaoxetane intermediate. For most o f the complexes [“N 3”Rh!(cod)]+ 
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oxygenation by H 2O2 proceeds selectively and instantaneously, relatively independent o f the N- 
donor ligand (“N 3” ) and the solvent.
Oxygenation o f [“N 3”Rh!(cod)]+ by O2 is acid catalysed, and greatly influenced by both the N-donor 
ligand and the solvent. Selective oxidation by O2 could only be obtained for “N 3” = BPA in CH2Cl2. 
Oxygenation o f [(BPA)RhI(cod)]+ by O2 in CH2Cl2 is likely to proceed via a mononuclear 
(non-radical) activation o f dioxygen, and requires one mole o f O2 per mole [(BPA)Rh!(cod)]+.
The nature o f “N 3“ also strongly influences the electrochemical oxidation potential and 8 ( 13Cc=c) of 
[“N 3”Rh!(cod)]+. Both appear to reflect the o-donor capacity o f the “N 3” ligand. The relative 
o-donor strength o f the N Ramine and the N Py donor atoms appears to be greatly influenced by steric 
factors (order: N Hamine > NPy > NPy-Me > N Buamine = Nomine). The relative donor strength o f N Ramine 
parallels the greater Lewis-basicity o f secondary amines compared to tertiary amines. The cod 
complexes with the lowest oxidation potential are the most reactive and the most selective in 
oxygenation by O2.
Oxidation o f the [“N 3”Rh!(hed)]+ complexes by either H 2O2 or O2 results in elimination o f hed.
5. Experimental section 
General methods
All procedures were performed under N2 using standard schlenk techniques unless indicated otherwise. Solvents (p.a.) 
were deoxygenated by bubbling through a stream of N2 or by the freeze-pump-thaw method. The temperature indication 
r.t. corresponds to ca. 20oC.
NMR experiments were carried out on a Bruker DPX200 (200 MHz and 50 MHz for 1H and 13C respectively), a Bruker 
AC300 (300 MHz and 75 MHz for 1H and 13C respectively) and a Bruker WM400 (400 MHz and 100 MHz for 1H and 
13C respectively). Solvent shift reference for 1H-NMR: [D6]-acetone 8h = 2.05, CD3CN §H = 1.98, CD2Cl2 8h = 5.31, 
[D6]-DMSO 8h = 2.50. For 13C-NMR: [D6]-acetone 5C = 29.50, CD3CN 5C = 1.28, CD2Cl2 5C = 54.20, [D6]-DMSO 5c= 
39.50. Abbreviations used are s= singlet, d= doublet, dd= doublet of doublets, t= triplet, dt= doublet of triplets, q= 
quartet, dq= doublet of quartets, m= multiplet and br= broad. Elemental analysis (C,H,N) were caried out on a Carlo 
Erba NCSO-analyser. Mass Spectra (EI, FAB) were recorded on a VG 7070 mass spectrometer or on a JEOL JMS 
SX/SX102A four sector mass spectrometer.
Cyclic Voltammetry measurements were performed using an Eco Chemie Autolab PGSTAT20. A conventional three- 
electrode cell, with Pt working and auxiliary electrodes and 0.1 M [(n-Bu)4N]PF6 (TBAH) electrolyte was used. An 
Ag/AgI reference electrode (grain of AgI, 0.02 M [(n-Bu)4N]I (TBAI) and 0.1 M TBAH) was employed.
The ligand TPBN was prepared according to a literature procedure.[39] 1,4,7-trimethyl-1,4,7-triazacyclononane (Cn*) 
was generously supplied by Unilever Research. [{(cod)Rh(^-Cl)}2] and [{(hed)Rh(^-Cl)}2] were prepared according to 
literature procedures.[40] All other chemicals are commercially available and were used without further purification, 
unless stated otherwise.
X-ray diffraction
Crystals of [2]BPh and [12]PF6 were obtained from methanol by slow evaporation (r.t.) of the solvent. Crystals of
[3]BPh4 and [16a]BPh suitable for X-ray diffraction studies were obtained from CH3CN by slow cooling of a hot, 
saturated solution. Crystals of [6]PF6 and [7]PF6. (acetone) suitable for X-ray diffraction studies were obtained from 
acetone by slow cooling a saturated solution at r.t. to -20oC. Crystals of [8](PF6)2 were obtained by slow diffusion of 
Et2O into a CH3CN solution. Crystals of [15]PF6 were obtained from acetone by slow evaporation (r.t.) of the solvent. 
The structures were solved by the program system DIRDIF[41] using the program PATTY[42] to locate the heavy atoms. 
Unit cell dimensions were determined from the angular setting of 25 reflections for [2]BPh4, [6]PF6, [8](PF6)2, [15]PF6 
and [16a]BPhi, 15 reflections for [3]BPh4, 9 reflections for [12]PF6 and 7 reflections for [7]PF6.(acetone). Intensity data 
were corrected for Lorentz and polarisation effects. For all structures except for [3]BPhi, semi-empirical absorption 
correction (y/-scan)[43] was applied.
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Table 5. Crystallographic data for [2]BPh4, [3 ]BPh4, [6]PFe, [7]PFß.(acetone), [8](PFß)2, [12]PF6, [15]PF6 and [16a]BPh4.
[2]BPh4 [3]BPh4 [6]PF6 [7]PF6.(acetone) [8](PF6)2 [12]PF6 [15]PF6 [16a]BPh4
Empirical formula C41H53N3BRh C44H45N3BRh C26H3vN3RhPF6 C32H41N3ORhPF6 C44H56N6Rh2P6F12 C17H33N3ORhPF6 C17H33N3ORhPF6 C44H45N3BORh
Crystal size [mm] 0.18x0.17x0.09 0.38x0.32x0.17 0.44x0.18x0.17 0.24x0.17x0.13 0.15x0.20x0.50 0.45x0.10x0.05 0.71x0.62x0.62 0.28x0.26x0.13
Formula weight 701.58 729.55 639.47 731.56 1164.71 543.34 543.34 745.55
T [K] 208(2) 293(2) 208(2) 208(2) 293(2) 150(2) 293(2) 208(2)
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P 21/n P 21/c P 21/n P 21 P -1 P 21/c P 21/c P 21/c
a [Â] 10.5435(4) 13.6402(8) 16.0922(3) 10.4858(11) 9.1097(8) 10.2472(10) 9.3418(2) 12.7629(4)
b [Â] 21.4531(8) 13.9322(11) 17.6350(4) 25.150(10) 10.3543(13) 13.0331(8) 15.0175(7) 15.1669(9)
c [Â] 15.5482(6) 19.017(4) 18.9795(4) 12.094(10) 12.7799(12) 15.5345(8) 15.5792(5) 19.1220(5)
a  [°] 90 90 90 90 87.247(12) 90 90 90
ß [°] 92.233(3) 100.125(7) 94.5930(17) 100.931(10) 70.953(10) 90.012(6) 92.450(2) 104.681(3)
y [°] 90 90 90 90 89.428(15) 90 90 90
V [Â3] 3514.2(2) 3557.7(8) 5368.8(2) 3132(3) 1138.1(2) 2074.7(3) 2183.61(14) 3580.6(3)
p calcd. [gcm-3] 1.326 1.362 1.582 1.552 1.699 1.740 1.653 1.383
Z 4 4 8 4 1 4 4 4
Diffractometer (scan) Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius Nonius CAD4T Enraf-Nonius Enraf-Nonius
CAD4 (0-20) CAD4 (0-20) CAD4 (0-20) CAD4 (rn) CAD4 (rn) rotating anode (o) CAD4 (0-20) CAD4 (0-20)
Radiation Cu-Ka Cu-Ka Cu-Ka Cu-Ka Mo-K„ Mo-K„ Cu-Ka Cu-Ka
Wavelength [Â] 1.54184 1.54184 1.54184 1.54184 0.71073 0.71073 1.54184 1.54184
F(000) 1480 1520 2624 1504 590 1112 1112 1552
0 range [°] 3.51 to 69.96 3.29 to 69.97 3.43 to 69.96 3.51 to 70.18 1.69 to 29.99 1.99 to 27.46 4.09 to 70.04 3.58 to 69.88
Index ranges -12 < h < 12 -16 < h < 16 -19 < h < 0 -12 < h < 0 -12 < h < 10 0 < h < 13 0 < h < 11 -15 < h < 15
0 < k < 26 0 < k < 16 -21 < k < 0 -30 < k < 0 -14 < k < 14 -16 < k < 0 -18 < k < 18 -18 < k < 0
0 < l < 18 0 < l < 23 -23 < l < 23 -14 < l < 14 -17 < l < 17 -20 < l < 20 -18 < l < 18 -23 < l < 0
Measured reflections 6894 6948 10544 6420 12418 5204 8616 6997
Unique reflections 6644 6731 10166 6080 6624 4761 4139 6781
Observed refl. [Io > 2g(Io)] 5415 6372 9506 5191 5573 3399 4023 6147
Refined parameters 627 447 673 830 427 394 255 475
Goodness-of-fit on F2 1.030 1.118 1.059 1.051 1.045 1.026 1.048 1.029
R [Io > 2g (Io)] 0.0350 0.0427 0.0660 0.0474 0.0380 0.0441 0.0709 0.0680
wR2[all data] 0.0873 0.1112 0.1971 0.1271 0.0926 0.0915 0.1987 0.1723
p fin (max/min) [e. Â-3] 1.002 / -1.371 1.556 / -1.330 1.258 / -3.971 2.506 / -0.769 0.905 / -0.826 0.682 / -0.662 1.701 / -1.494 3.082 / -3.053
Oxidation of [“N3”RhI(diolefin)]+ by H2O2 and O2
The structures were refined with standard methods (refinement against F2 of all reflections with SHELXL97[44] with 
anisotropic parameters for the nonhydrogen atoms. All hydrogen atoms were placed at calculated positions. For
[2]BPhb [12]PF6 and [16a]BPh4 the hydrogen atoms were subsequently freely refined. Selected bond lengths an angles 
are summarised in Tables 1 and 2. Other relevant crystal data are summarised in Table 5. Drawings were generated with 
the program PLATON.[45]
[8](PF6)2: The PF6- ion is threefold disordered about one F-P-F axis. The P-F and F-F bonds were restrained to target 
values with an estimated standard deviation of 0.03. The occupation factors of the disordered fluor atoms were also 
refined.
[16a]BPh4: The hydrogens attached to atoms N3, C11, C12, C21, C22 and C24 were taken from a difference Fourier 
map and were freely refined subsequently. The hydrogen attached to atom O1 could not be localised and is therefore not 
included in the model. All other hydrogens were placed at calculated positions and were refined riding on the parent 
atoms.
Volumetric O2-uptake measurements
In order to determine the amount of O2 which is consumed upon oxidation by [3]+, we followed the reaction of [3]+ with 
pure O2 (1 bar) in CH2Cl2 in the presence of 0.2 eq. HBAr^ with the set-up depicted in Figure 11.
Figure 11. Experimental set-up for volumetric determination of O2-gas uptake.
HBAr^ was introduced via a septum to the solution of [3]PF6 in CH2Cl2 in the closed system under O2. The burette was 
used to correct for the initial increase in volume. The consumption of O2 was monitored by keeping the internal pressure 
in the system equal to the external atmospheric pressure, as visualised by equal water levels at both sites of the U-tube. 
The volume that had to be adjusted by the burette is proportional to the amount of O2 consumed. Oxidation of [3]PF6 
without addition of H+ is very slow, and the consumption of O2 prior to the introduction of HBAr^ can be neglected. In 
two separate measurement we observed that 0.21 grams of [3]PF6 consumed about 9 ml O2. After correction for the 
exact temperature and external atmospheric pressure, the measurements indicated that exactly 1.0 mole of O2 per mole
[3]+ is consumed upon oxidation.
Synthesis
BzBPA, N-benzyl-N,N-di(2-pyridylmethyl)amine 
and BuBPA, N-butyl-N N-di(2-pyridylmethyl)amine
The ligands BzBPA and BuBPA were prepared by procedures similar to that reported for TPEN,[39] using benzylamine 
and n-butylamine, respectively, instead of 1,4-diaminobutane. For both BzBPA and BuBPA, the crude product, 
obtained as a brown oil, was purified by column-chromatography (silica 60H, CH3Cl/MeOH 100:10 v:v). The isolated 
products (red-brown, viscous oils) were pure according to 1H-NMR.
BzBPA: 1H-NMR (200.13 MHz, CDCl3, 298 K): 5 = 8.48 (d, 3J(H,H)= 4.7 Hz, 2H; Py-H6), 7.60-7.05 (m, 11H, Py-H4, 
Py-H3, Py-H5, Ph), 3.80 (s, 4H, N-CHr Py), 3.67 (s, 2H, N-CH2-Ph). 13C-NMR {1H} (50.32 MHz, CDCl3, 298 K): 5 =
160.07 (Py-C2), 149.37 (Py-C6), 139.23 (Ph-C1), 136.87 (Py-C4), 129.27 (Ph-C2), 128.75 (Ph-C3), 127.50 (Ph-C4), 
123.20 (Py-C3), 122.39 (Py-C5), 60.35 (N-CH2-Py), 58.88 (N-CH2-Ph).
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BuBPA: 1H-NMR (200.13 MHz, CDCl3, 298 K): 5 = 8.57 (d, 3J(H,H)= 4.7 Hz, 2H; Py-H6), 7.66-7.00 (m, 6H, Py-H4, 
Py-H3, Py-H5), 3.87 (s, 4H, N-CH-Py), 2.60 (t, 3J(H,H)= 7.2 Hz, 2H, N-CHrC3H7), 1.58 (m, 2H, N-CH2-CHr C2H5), 
1.35 (m, 2H, N-C2H4-CH-CH3), 0.89 (t, 3J(H,H)= 7.2 Hz, 3H, N-C3H6-CH3). EI-MS (m/z (%)): 255 [M]+ (1.3), 212 
[M-C3H7]+ (3.28), 198 [M-C4H9]+ (0.95), 163 [M-CH2Ph]+ (100.0), 93 [CH2Py+H]+ (45.2).
BzBLA
N-benzyl-N,N-di[ (6-methyl-2-pyridylmethyl)]amine
To 100 ml CH3CN, 1.50 gram 2-chloromethyl-6-methylpyridine[46], 0.43 gram (4.01 mmole) benzylamine and 12 gram 
(140 mmole) Na2CO3 dissolved in 10 ml water, were added. The resulting suspension was heated to reflux for 16 hours. 
The mixture was filtered and the filtrate was evaporated yielding a yellow oil, to which 100 ml Et2O was added. Partial 
evaporation of the solvent resulted in precipitation of BzBLA as a white solid, which was recrystallised as a white 
crystals from a saturated hexane solution at -20oC. Yield 0.44 gram (1.39 mmole, 36%).
Mp: 76.9oC
1H-NMR (200.13 MHz, CDCl3, 298 K): 5 = 7.62-7.00 (m, 11H, Py-H4, Py-H3, Py-H5, Ph-H), 3.86 (s, 4H, N-CHr Py), 
3.75 (s, 2H, N-CH-Ph), 2.54 (s, 6H, Py-CH3).
13C {1H} (75.47 MHz, [D6]-aceton, 298K): 5 = 160.4 (Py-C2), 158.5 (Py-C6), 140.6 (Ph-C1), 137.7 (Py-C4), 130.0 (Ph- 
C2,Ph-C3), 128.1 (Ph-C4), 122.3 (Py-C5), 120.6 (Py-C3), 61.0 (N-CHr Ph), 59.3 (N-CHrPh), 24.8 (Py-CH3).
EI-MS (m/z (%)): 317 [M]+ (1.3), 226 [M-CH2Ph]+ (25.9), 211 [M-CH2Ph-CH3]+ (100.0), 107 [CH2PyCH3]+ (78.2). 
Calculated for C21H23N3: C 79.46 , H 7.30 , N 13.24; Found: C 79.26, H 7.29, N 13.02.
BuBLA
N-butyl-N,N-di[ (6-methyl-2-pyridylmethyl)]amine
The ligand BuBLA was prepared by a method similar to the synthesis of BzBLA, using n-butylamine. The crude 
product, obtained as a brown oil, was purified by column-chromatography (silica 60H, CH3Cl/MeOH 100:10 v:v). The 
isolated light-brown powder was pure according to 1H-NMR. (Yield 33%).
1H-NMR (200.13 MHz, CDCl3, 298 K): 5 = 7.54-7.00 (m, 6H, Py-H4, Py-H3, Py-H5), 3.82 (s, 4H, N-CH-Py), 2.55 (t, 
3J(H,H)= 6.70 Hz, 2H, N-CHr C3H7), 2.51 (s, 6H, Py-CHj), 1.53 (m, 2H, N-CH2-CH2-C2H5), 1.31 (m, 2H, N-C2H4- 
CHrCH3), 0.83 (t, 3J(H,H)= 7.21 Hz, 3H, N-C3H6-CH3).
[1]PF6
(h 4-cyclo-octa-1,5-diene)-((s-1,4,7-triazacyclononane)-rhodium(I)-hexañuorophosphate
100 mg (0.78 mmole) Cn and 192 mg (0.39 mmole) [{(cod)Rh(|>Cl)}2] were stirred in 25 ml MeOH for 1 hour. 
Subsequently, 350 mg (2.15 mmole) NH4PF6 was added. Partial evaporation of the solvent caused the precipitation of
[1]PF6 as a yellow powder, which was filtered and vacuum dried. Yield 284 mg (75%).
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 5.00 (s, 3H; NH), 3.44 (m, 4H; -CH=CH-), 3.25-3.00 (m, 6H; N-CH2- 
), 2.95-2.65 (m, 6H; N-CH2-), 2.32 (m, 4H; -C=C-CH2-exo), 1.69 (m, 4H; -C=C-CH2-endo).13C{1H}-NMR (50.33 MHz, 
[D6]-acetone, 298K) 5 = 69.2 (d, J(Rh,C)=12.9 Hz; -CH=CH-), 48.7 (N-CH2-), 31.7 (C=C-CH2). Fab-Ms 
(m-Noba/CH3CN): 340 [M-PF6]+, 825 [2M-PF6]+ Calculated for C14H27N3RhPF6: C 34.65, H 5.61, N 8.66; Found: 
C 34.62, H 5.67, N 8.52.
[2]PF6/BPh4
(h 4-cyclo-octa-1,5-diene)-((s-1,4,7-trimethyl-1,4,7-triazacyclononane)-rhodium(I)- 
hexafluorophosphate/tetraphenylborate
92 mg (0.54 mmole) Cn* and 134 mg (0.27 mmole) [{(cod)Rh(|>Cl)}2] were stirred in 25 ml MeOH for 1 hour. 
Subsequently, 354 mg (2.16 mmole) NH4PF6 was added. Partial evaporation of the solvent caused the precipitation of
[2]PF6 as a yellow powder, which was filtered and vacuum dried. Yield 202 mg (71%).
By a similar procedure, using NaBPh instead of NH4PF6, [2]BPh4 was obtained.
(NMR-data given for [2]PF6) 1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 3.56 (m, 4H; -CH=CH-), 3.1-2.85 (m, 
12H; N-CH2-), 3.00 (s, 9H; N-CH3), 2.46 (m, 4H; -C=C-CH2-exo), 1.67 (m, 4H; -C=C-CH2-endo). 13C{1H}-NMR 
(50.33 MHz, [D6]-acetone, 298K) 5 = 74.2 (d, J(Rh,C)=13.8 Hz; -CH=CH-), 58.4 (N-CH2-), 51.2 (N-CH3), 30.7
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(C=C-CH2). Fab-Ms (m-Noba/CH3CN): 382 [M-PF6]+, 909 [2M-PF6]+. Calculated for [2]PF6 (C17H33N3RhPF6): 
C 38.72, H 6.31, N 7.97; Found: C 38.47, H 6.22, N 7.85. Calculated for [2]BPh (C41H53N3RhB): C 70.19, H 7.61, 
N 5.99; Found: C 69.86, H 7.44, N 5.85.
[3]PF6/BPh4
(h 4-cyclo-octa-1,5-diene)-((s-fac-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-hexafluorophosphate/tetraphenylborate 
[3]PF6 and [3]BPh4 were prepared by procedures similar to those of [2]PF6 and [2]BPh4 using the ligand BPA. (NMR- 
data given for [3]BPhO
1H-NMR (200.13 MHz, CD2Cl2, 298K) 5 = 8.69 (d, 3J(H,H)=5.4 Hz, 2H; Py-H6), 7.51 (m, 2H; Py-H4), 7.36 (m, 8H; 
BAr-H2), 7.45-6.80 (m, 4H ; Py-H5 and Py-H3), 7.01 (t,3J(H,H)= 7.4 Hz, 8H; BAr-H3), 6.86 (t, 3J(H,H)= 7.4 Hz, 4H; 
BAr-H4), 4.00 (dd[AB], 2J(H,H)=17.1 Hz, 3J(NH,H)=7.2 Hz, 2H; N-CH2-Py), 3.56 (m, 4H; -CH=CH-), 3.32 (d[AB], 
2J(H,H)=17.1 Hz, 2H; N-CH2-Py), 2.50 (m, 4H; -C=C-CH2-exo), 1.85 (m, 4H; -C=C-CH2-endo). 13C{1H}-NMR (50.32 
MHz, [D6]-DMSO, 298K) 5 = 163.4 (q, 1J(C,B)= 49.0 Hz; BAr-C1), 159.6 (Py-C2), 148.9 (Py-C6), 137.9 (Py-C4),
135.6 (BAr-C2), 125.4 (q, 3J(C,B)= 2.8 Hz; BAr-C3), 124.0 (Py-C3), 122.5 (Py-C5), 121.6 (BAr-C4), 72.3 (d, 
J(Rh,C)=13.0 Hz; -CH=CH-), 59.4 (N-CH2-Py), 31.0 (C=C-CH2). Fab-Ms (m-Noba/CH3CN): 410 [M]+. Calculated for
[3]PF6, C20H25N3RhPF6: C 43.26, H 4.54, N 7.57; Found: C 42.86, H 4.29, 7.52. Calculated for [3]BPh4, C44H45N3RhB: 
C 72.44, H 6.22, N 5.76; Found: C 72.41, H 6.32, N 5.83.
[4]PF6
(h 4-cyclo-octa-1,5-diene)-((i-fac-N-butyl-N,N-di(2-pyridylmethyl)amme)-rhodium(I)-hexafluorophosphate
[4]PF6 was prepared by a procedure similar to that of [1]PF6, using the ligand BuBPA.[23]
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 9.20 (d, 3J(H,H)=5.4 Hz, 2H; Py-H6), 7.74 (m, 2H; Py-H4), 7.37-7.27 
(m, 4H ; Py-H5 and Py-H3), 4.62 (d[AB],2J(H,H)=16.3 Hz, 2H; N-CH2-Py), 4.25 (d[AB], 2J(H,H)=16.3 Hz, 2H; N- 
CH2-Py), 4.06 (m, 2H; N-CH2-CH2-CH2-CH3), 3.83 (m, 4H; -CH=CH-), 2.65 (m, 4H; -C=C-CH2-exo), 2.12 (m, 2H; N- 
CH2-CHr CH2-CH3), 1.86 (m, 4H; -C=C-CH2-endo), 1.59 (m, 2H; N-CH2-CH2-CH2-CH3), 1.09 (t, 3J(H,H)=7.4 Hz, 3H; 
N-CH2-CH2-CH2-CH3). 13C{1H}-NMR (50.33 MHz, [D6]-acetone, 298K) 5 = 160.4 (Py-C2), 151.5 (Py-C6), 139.0 (Py- 
C4), 124.9 (Py-C3), 123.7 (Py-C5), 75.9 (d, J(Rh,C)=13.8 Hz; -CH=CH-), 64.1 (N-CHr CH2-CH2-CH3), 63.4 (N-CH2- 
Py), 31.4 (C=C-CH2), 27.2 (N-CH2-CHr CH2-CH3), 21.0 (N-CH2-CH2-CHr CH3), 14.0 (N-CH2-CH2-CH2-CH3). Fab-Ms 
(m-Noba/CH3CN): 466 [M]+, 1077 [2M+PF6]+ Calculated for C24H33N3RhPF6: C 47.15, H 5.44, N 6.87; Found: 
C 46.43, H 5.33, N 6.84.
[5]PF6
(h 4-cyclo-octa-1,5-diene)-(K33-fac-N-benzyl-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-hexafluorophosphate
[5]PF6 was prepared by a procedure similar to that of [1]PF6, using the ligand BzBPA.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 9.30 (d, 3J(H,H)=5.2 Hz, 2H; Py-H6), 7.90-7.10 (m, 11H ; Py-H5, 
PyH4, Py-H3, Ph), 5.43 (s, 2H, N-CHr Ph), 4.98 (d[AB],2J(H,H)=16.0 Hz, 2H; N-CH2-Py), 4.03 (m, 4H; -CH=CH-), 
3.86 (d[AB], 2J(H,H)=16.0 Hz, 2H; N-CH2-Py), 2.76 (m, 4H; -C=C-CH2-exo), 1.91 (m, 4H; -C=C-CH2-endo). 13C{1H}- 
NMR (50.33 MHz, [D6]-acetone, 298K) 5 = 159.8 (Py-C2), 151.8 (Py-C6), 138.9 (Py-C4), 134.3 (Ph-C1), 131.6 (Ph- 
C2), 129.1 (Ph-C3), 129.0 (Ph-C4), 124.8 (Py-C5), 123.9 (Py-C3), 76.2 (d, J(Rh,C)= 14.7 Hz; -CH=CH-), 67.3 (N- 
CH-Ph), 62.9 (N-CH-Py), 31.4 (C=C-CH2). 'H-NMR indicates the presence of ^  mole H2O per mole 
[(BzBPA)Rh(cod)]+. Fab-Ms (m-Noba/CH3CN) : 500 [M]+, 1145 [2M+PF6]+. Calculated for 
[(BzBPA)Rh(cod)]PF6.^H2O, C27H32O0.5N3RhPF6: C 49.55, H 4.93, N 6.42; Found: C 49.31, H 4.50, N 6.41.
[6]PF6
(h 4-cyclo-octa-1,5-diene)-((3-fac-N-butyl-N,N-di[ (6-methyl-2-pyridyl)methyl]amine)-rhodium(I)-hexañuorophosphate
[6]PF6 was prepared by a procedure similar to that of [1]PF6, using the ligand BuBLA.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 7.75 (t, 2H, 3J(H,H)=7.6 Hz; Py-H4), 7.45 (d, 2H, 3J(H,H)=7.5 Hz; 
Py-H3), 7.32 (d, 2H, 3J(H,H)=7.6 Hz; Py-H5), 4.78 (d[AB], 2H, 2J(H,H)=16.0 Hz; N-CH2-Py), 4.03 (d[AB], 2H, 
2J(H,H)=16.0 Hz; N-CH2-Py), 3.55 (s, 6H, Py-CH3), 3.94 (m, 2H; N-CH2-C3H7), 3.55 (s, 6H, Py-CH3), 3.50 (m, 4H; 
-CH=CH-), 2.64 (m, 4H; -C=C-CH2-exo), 1.92 (m, 2H; N-CH2-CH2-C2H5), 1.73 (m, 4H; -C=C-CH2-endo), 1.53 (m, 2H;
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N-C2H4-CH2-CH3), 1.06 (t, 3H, 3J(H,H)=7.3 Hz; N-C3H6-CH3). 13C{1H}-NMR (75.47 MHz, [D6]-acetone, 298K) 5 =
162.2 (Py-C2), 161.4 (Py-C6), 139.6 (Py-C4), 126.9 (Py-C5), 122.3 (Py-C3), 76.5 (s, br.; -CH=CH-), 61.7 (N-CH2-Py),
60.4 (N-CH2-C3H7), 31.7 (C=C-CH2), 29.7 (Py-CH3), 26.1 (N-CH2-CH2-C2H5), 21.8 (N-C2H4-CHr CH3), 14.7 
(N-C3H6-CH3). Fab-Ms (m-Noba/CH3CN): 494 [M]+, 386 [M-cod]+ Calculated for C26H37N3RhPF6: C 48.84, H 5.83, 
N 6.57; Found: C 48.19, H 5.78, N 6.45.
[7]PF6
(h 4-cyclo-octa-1,5-diene)-((s-fac-N-benzyl-N,N-di[(6-methyl-2-pyridyl)methyl]amine)-rhodium(I)-hexañuorophosphate
[7]PF6 was prepared by a procedure similar to that of [1]PF6, using the ligand BzBLA.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 7.75-7.45 (m, Ph-H2, Ph-H3, Ph-H4), 7.72 (t, 2H, 3J(H,H)=7.6 Hz; Py- 
H4), 7.42 (d, 2H, 3J(H,H)=7.5 Hz; Py-H3), 7.27 (d, 2H, 3J(H,H)=7.6 Hz; Py-H5), 5.06 (s, 2H, N-CH2-Ph), 4.88 (d[AB], 
2H, 2J(H,H)=15.8 Hz; N-CH2-Py), 3.82 (d[AB], 2H, 2J(H,H)=15.8 Hz; N-CH2-Py), 3.55 (s, 6H, Py-CH3), 3.94 (m, 2H; 
N-CHr C3H7), 3.57 (m, 10H, ; -CH=CH-, Py-CH3), 2.71 (m, 4H; -C=C-CH2-exo), 1.75 (m, 4H; -C=C-CH2-endo). 
13C{1H}-NMR (75.47 MHz, [D6]-acetone, 298K) 5 = 162.6 (Py-C2), 160.7 (Py-C6), 139.7 (Py-C4), 133.7 (Ph-C1),
133.3 (Ph-C2), 129.9 (Ph-C3), 129.8 (Ph-C4), 127.1 (Py-C5), 122.6 (Py-C3), 77.2 (s, br.; -CH=CH-), 62.7 (N-CH2-Ph),
60.5 (N-CH2-Py), 31.8 (C=C-CH2), 29.8 (Py-CH3). Fab-Ms (m-Noba/CH3CN): 528 [M]+, 420 [M-cod]+ Calculated for 
C29H35N3RhPF6: C 51.72, H 5.24, N 6.34; Found: C 51.83, H 5.16, N 6.25.
[8](PF6)2
bis-(h 4-cyclo-octa-1,5-diene)-(m -(bis-Ks-fac)-N,N,N’,N’-tetrakis-(2-pyridylmethyl)-1,4-butanediamine)-bis-rhodium(I)- 
bis (hexafluorophosphate)
The dinuclear complex [8]2+ was prepared by reaction of [{(cod)Rh(|>Cl)}2] with the ditopic ligand TPBN[39] in a 1:1 
ratio, and isolated as [8](PF6)2 by a procedure similar to that of [1]PF6.
1H-NMR (400.14 MHz, CD3CN, 298K) 5 = 9.16 (d, 3J(H,H)=5.1 Hz, 4H; Py-H6), 7.64 (m, 4H; Py-H4), 7.23 (m, 4H ; 
Py-H5), 7.16 (d, 3J(H,H)=7.8 Hz, 4H; Py-H3), 4.48 (d[AB],2J(H,H)=16.3 Hz, 4H; N-CH2-Py), 4.12 (d[AB], 
2J(H,H)=16.3 Hz, 4H; N-CH2-Py), 4.08 (m, 4H; N-CH2), 3.79 (m, 8H; -CH=CH-), 2.64 (m, 8H; -C=C-CH2-exo), 2.24 
(m, 4H; N-CH2-CH2-), 1.86 (m, 8H; -C=C-CH2-endo). 13C{1H}-NMR (100.614 MHz, CD3CN, 298K) 5 = 160.5 (Py- 
C2), 152.0 (Py-C6), 139.4 (Py-C4), 125.3 (Py-C3), 124.1 (Py-C5), 76.6 (d, J(Rh,C)=13.4 Hz; -CH=CH-), 64.3 (N-CH2- 
), 63.8 (N-CH2-Py), 31.9 (C=C-CH2), 23.4 (N-CH2-CH2-). Fab-Ms (m-Noba/CH3CN): 1019 (M-PF6)+, 663 (M-Rh-cod- 
(PF6)2)+, 437 (M2+/2). Calculated for C44H56N6Rh2P2F12: C 45.38, H 4.85, N 7.22; Found: C 44.98, H 4.62, N 7.31.
[9]PF6
(h 4-cyclo-octa-1,5-diene)-(K2-2-pyridylmethylamine)-rhodium(I)-hexafluorophosphate
[9]PF6 was prepared by a procedure similar to that of [1]PF6, using the ligand PA. Yield (67%). An alternative 
preparation of [9]PF6, and the characterisation of this complex has been reported previously.[47] In addition we now 
provide the 13C-NMR-data for [9]PF6.
13C{1H}-NMR (75.47 MHz, [D6]-acetone, 298K) 5 = 165.8 (Py-C2), 148.5 (Py-C6), 140.6 (Py-C4), 124.6 (Py-C3),
122.7 (Py-C5), 82.6 (br, -CH=CH-), 51.2 (NH2-CH2-Py), 30.5 (C=C-CH2).
[10]PF6
(h 4-1,5-hexadiene)-((s-1,4,7-trimethyl-1,4,7-triazacyclononane)-rhodium(I)-hexañuorophosphate 
100 mg (0.58 mmole) Cn* and 129 mg (0.29 mmole) [{(hed)Rh(|>Cl)}2] were stirred in 25 ml MeOH for 1 hour. 
Subsequently, 350 mg (2.15 mmole) NH4PF6 was added. Partial evaporation of the solvent caused the precipitation of
[10]PF6 as a yellow powder, which was filtered and vacuum dried. Yield 200 mg (69 %).
1H-NMR (200.13 MHz, CD3CN, 298K) 5 = 4.24 (m, 2H; -CH=CH2), 3.0-2.65 (m, 12H; N-CH2-), 2.78 (d, 3J(Rh,H)=
0.6 Hz, 9H; N-CH3), 2.41 (m, 2H; C=C-CH2-exo), 2.02 (ddd, 3J(H,H)cis=7.9 Hz, 2J(H,H)gem=0.5 Hz , J(Rh,H)=2.1 
Hz, 2H; -CH=CHcHt), 1.76 (ddd, 3J(H,H)trans=12.3 Hz, 2J(H,H)gem=0.5 Hz , J(Rh,H)=0.9Hz, 2H; -CH=CHcHt), 1.55 
(m, 2H; -C=C-CH2-endo).
13C{1H}-NMR (50.33 MHz, CD3CN, 298K) 5 = 83.8 (d, J(Rh,C)=12.8 Hz; -CH=CH2), 58.1 (N-CH2-), 50.5 (N-CH3),
44.9 (d, J(Rh,C)=14.4 Hz; -CH=CH2), 33.6 (C=C-CH2).
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Fab-Ms (m-Noba/CH3CN): 356 [M-PF6]+, 909 [2M-PF6]+ Calculated for Q sH ^R hPF^ C 35.94, H 6.23, N 8.38; 
Found: C 35.48, H 5.88, N 8.25.
[11]PF6
(h 4-1,5-hexadiene)-((s-fac-N-benzyl-N,N-di[(6-methyl-2-pyridyl)methyl]amine)-rhodium(I)-hexañuorophosphate
[11]PF6 was prepared by a procedure similar to that of [10]PF6, using the ligand BzBLA.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 7.80-7.50 (m, Ph-H2, Ph-H3, Ph-H4), 7.73 (t, 2H, 3J(H,H)=7.6 Hz; Py- 
H4), 7.41 (d, 2H, 3J(H,H)=7.5 Hz; Py-H3), 7.31 (d, 2H, 3J(H,H)=7.6 Hz; Py-H5), 5.15 (s, br., 2H, N-CH2-Ph), 4.98 
(d[AB], 2H, 2J(H,H)=15.8 Hz; N-CH2-Py), 4.43 (m, 2H; -CH=CH2), 3.78 (d[AB], 2H, 2J(H,H)=15.8 Hz; N-CH2-Py), 
3.51 (s, 6H, Py-CH3), 2.77 (m, 2H; C=C-CH2-exo), 2.48 (m, 2H; -CH=CHcHt), 2.20 (m, 2H; -CH=CHcH), 1.83 (m, 2H; 
-C=C-CH2-endo). 13C{1H}-NMR (75.47 MHz, [D6]-acetone, 298K) 5 = 161.7 (Py-C2), 160.1 (Py-C6), 139.0 (Py-C4),
133.3 (Ph-C1), 133.5 (Ph-C2), 129.3 (Ph-C3), 129.2 (Ph-C4), 126.3 (Py-C5), 122.1 (Py-C3), 84.5 (br.,-CH=CH2), 64.0 
(br., N-CH-Ph), 61.1 (N-CH2-Py), 49.9 (d, J(C,Rh) = 13.9 Hz, -CH=CH2), 34.4 (br., C=C-CH2), 29.8 (Py-CH3).
Fab-Ms (m-Noba/CH3CN): 502 [M]+, 420 [M-(hed)]+ Calculated for C27H33N3RhPF6: C 50.09, H 5.14, N 6.49; Found: 
C 49.92, H 5.01, N 6.49.
[12]PF6
(9-oxabicyclo[4.2.1]nona-2,5-diyl)-(1,4,7-trimethyl-1,4,7-triazacyclononane)-rhodium(III)-hexafluorophosphate 
37 mg [2]PF6 was dissolved in 5 ml MeOH and 0.1 ml 35% aqueous H2O2 solution was added. The solution was stirred 
at r.t. for 1 hour. Addition of Et2O caused the precipitation of [12]PF6 as a light-yellow powder, which was filtered, 
washed with Et2O, and vacuum dried. Yield 38 mg (100%). A similar reaction with [2]BPh results in [12]BPhi. 
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 5.95 (m, 2H; O-CH-), 3.35-3.15 (m, 4H; N-CH2-), 3.18 (s, 6H; 
N-CH3), 3.15-3.05 (m, 4H; N-CH2-), 2.95-2.73 (m, 4H; N-CH2-), 2.68 (m. 2H; Rh-CH-), 2.63 (d, 3J(Rh,H)=1.7 Hz, 3H; 
N-CH3), 2.29-1.96 (m, 4H; Rh-CH-CHr exo / O-CH-CHr exo), 1.53 (m, 2H; O-CH-CHr endo), 1.41 (m, 2H; 
Rh-CH-CHr endo). 13C{1H}-NMR (50.33 MHz, [D6]-acetone, 298K) 5 = 107.3 (d, 2J(Rh,C)=4.6 Hz; O-CH-), 62.3,
58.3 and 56.1 (N-CH2-), 54.5 and 49.6 (N-CH3), 28.1 and 27.0 (Rh-CH-CH2- / O-CH-CH2-), 21.7 (d, 1J(Rh,C)=23.0 Hz; 
Rh-CH-). Fab-Ms (m-Noba/CH3CN): 398 [M]+, 941 [2M+PF6]+. Calculated for C17H33N3ORhPF6: C 37.58, H 6.12, N 
7.73; Found: C 37.26, H 5.93, N 7.65.
[13a]BPh4
(9-oxabicyclo[4.2.1]nona-2,5-diyl)-((s-fac-N,N-di(2-pyridylmethyl)amine)-rhodium(III)-tetraphenylborate 
160 mg (0.80 mmole) BPA and 192 mg (0.39 mmole) [{(cod)Rh(|>Cl)}2] were stirred in 25 ml MeOH for 1 hour. The 
solution was cooled to -10oC, and 0.2 ml 35% aqueous H2O2 solution was added. Subsequently, 290 mg (0.85 mmole) 
NaBPh was added, resulting in the precipitation of [13a]BPh4 as a white/light-yellow powder, which was filtered and 
vacuum dried. Yield 459 mg (77%).
1H-NMR (200.130 MHz, CD2Cl2, 298K) 5 = 8.86 (d, 3J(H,H)=5.0 Hz, 1H; Py-H6), 8.11 (d, 3J(H,H)=5.0 Hz, 1H; Py- 
H6), 7.44 (m, 8H; BAr-H2), 7.80-6.75 (m, 6H; Py-H4, Py-H5 and Py-H3), 7.06 (t,3J(H,H)= 7.4 Hz, 8H; BAr-H3), 6.84 
(t, 3J(H,H)= 7.4 Hz, 4H; BAr-H4), 5.98 (m, 1H; O-CH-), 5.83 (m, 1H; O-CH-), 4.24 (dd[AB], 2J(H,H)=17.4 Hz, 
3J(NH,H)= 7.4 Hz 1H; N-CH2-Py), 3.93 (dd[AB], 2J(H,H)=16.7 Hz, 3J(NH,H)= 6.8 Hz 1H; N-CH2-Py), 3.75 (m, 1H, 
NH), 3.48 (dd[AB], 2J(H,H)=17.4 Hz, 3J(NH,H)= 1.3 Hz 1H; N-CH2-Py), 3.29 (d[AB], 2J(H,H)=16.7 Hz 1H; 
N-CH2-Py), 3.02 (m, 1H; Rh-CH-), 2.98 (m, 1H; Rh-CH-), 2.3-2.0 (m, 4H; Rh-CH-CH2-exo / O-CH-CH2-exo), 1.85-1.4 
(m, 4H; O-CH-CH-endo/ Rh-CH-CH-endo), 1.45 (s, ~2H, H2O). 13C{1H}-NMR (50.33 MHz, CD2Cl2, 298K) 5= 164.9 
(q, 1J(C,B)= 49.0 Hz; BAr-C1), 162.3 (Pya-C2), 161.0 (Pyb-C2), 152.6 (Pya-C6), 150.0 (Pyb-C6), 138.4 (Pya-C4), 137.0 
(Pyb-C4), 136.9 (BAr-C2), 126.5 (q, 3J(C,B)= 2.8 Hz; BAr-C3), 124.8 (Pya-C3), 124.6 (Pyb-C3), 123.1 (Pya-C5),
122.7 (BAr-C4),122.6 (Pyb-C5), 107.9 (O-CHa-), 106.8 ( O-CHb-), 59.9 (N-CH2-Pya), 59.0 (N-CH2-Pyb), 29.6, 29.2,
27.4 and 26.6 (Rh-CH-CH- / O-CH-CH2-), 25.6 (d, 1J(Rh,C)=20.8 Hz; Rh-CHa-), 20.8 (d, U R ^ C ) ^ ^  Hz; Rh-CHb). 
Fab-Ms (m-Noba/CH3CN): 426 [M]+. Calculated for (C44H45N3ORhB).H2O: C 69.21, H 6.20, N 5.50; Found: C 69.18, 
H 5.66, N 5.58.
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[14a]PF6
(9-oxabicyclo[4.2.1]nona-2,5-diyl)-((s-fac-N-butyl-N,N-di(2-pyridylmethyl)amine)-rhodium(III)-hexafluorophosphate 
[14a]PF6 was prepared by a method similar to that of [12]PF6 except that the reaction was carried out at -10oC.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 9.23 (d, 3J(H,H)=5.4 Hz, 1H; Py-H6), 8.50 (d, 3J(H,H)=5.6 Hz, 1H; 
Py-H6), 7.10-8.10 (m, 6H; Py-H4, Py-H5 and Py-H3), 6.08 (m, 1H; O-CH-), 6.04 (m, 1H; O-CH-), 4.85 (d[AB], 
2J(H,H)=15.6 Hz, 1H; N-CH2-Py), 4.67 (d[AB], 2J(H,H)=17.2 Hz, 1H; N-CH2-Py), 4.53 (d[AB], 2J(H,H)=15.6 Hz, 1H; 
N-CH2-Py), 4.16 (d[AB], 2J(H,H)=17.2 Hz, 1H; N-CH2-Py), 3.90-3,45 (m, 2H; N-CH2-CH2-CH2-CH3), 3.42 (m, 1H; 
Rh-CH-), 2.91 (m, 1H; Rh-CH-), 2.3-2.0 (m, 4H; Rh-CH-CH2-exo / O-CH-CH2-exo), 1.85-1.05 (m, 8H; O-CH-CH2- 
endo/ Rh-CH-CHr endo/ N-CH2-CH2-CH2-CH3/ N-CH2-CH2-CH2-CH3), 0.91 (t, 3J(H,H)=7.4 Hz, 3H; N-CH2-CH2- 
CH2-CH3). 13C{1H}-NMR (50.33 MHz, [D6]-acetone, 298K) 5 = 162.5 (Pya-C2), 161.5 (Pyb-C2), 153.8 (Pya-C6), 150.8 
(Pyb-C6), 139.0 (Pya-C4), 137.6 (Pyb-C4), 125.2 (Pya-C3), 125.0 (Pyb-C3), 123.6 (Pya-C5), 122.2 (Pyb-C5), 106.6 (d, 
2J(Rh,C)=4.0 Hz; O-CHa-), 105.7 (d, 2J(Rh,C)= 4.0 Hz; O-CHb-), 66.4 (N-CHr CH2-CH2-CH3), 63.3 (N-CH2-Pya), 63.2 
(N-CH2-Pyb), 28.8 (N-CH2-CHr CH2-CH3), 28.2, 27.7, 26.7 and 26.6 (Rh-CH-CHr  / O-CH-CH-), 25.2 (d, 
1J(Rh,C)=19.4 Hz; Rh-CHa-), 23.5 (d, U R ^ C ) ^ ^  Hz; Rh-CHb-), 20.9 (N-CH2-CH2-CHr CH3), 13.9 (N-CH2-CH2- 
CH2-CH3). Fab-Ms (m-Noba/CH3CN): 482 [M]+. Calculated for C24H33N3ORhPF6: C 45.95, H 5.36, N 6.76; Found: 
C 44.29, H 5.07, N 6.45.
[15]PF6/BPh4
(1,4,5,6-h 4-(2-hydroxy-cycloocta-4-ene-1,6-di-yl))-((s-1,4,7-trimethyl-1,4,7-triazacyclononane)-rhodium(III)- 
hexafluorophosphate/tetraphenylborate
[15]PF6 was obtained by heating [12]PF6 to 80oC for 12 hours in CH3CN, followed by evaporation of the solvent under 
reduced pressure. Yield 100%. Similarly, [15]BPh was prepared by heating [12]BPh4.
Assignment of NMR signals of the Rhm(cycloocta-2-hydroxy-4,5-ene-1,6-di-yl) fragment is in accordance with the atom 
labeling in Figure 9.
1H-NMR (400.136 MHz, [D6]-DMSO, 298K) 5 = 7.31 (m, 8H; BAr-H2), 7.03 (t,3J(H,H)= 7.3 Hz, 8H; BAr-H3), 6.87 
(t, 3J(H,H)= 7.3 Hz, 4H; BAr-H4), 4.64 (s, 1H, OH), 4.47 (m, 1H; allyl (H21)), 4.22 (m, 1H; allyl (H23)), 4.04 (t, 
3J(H,H)= 8.5 Hz, allyl (H22)), 3.45 (s, 3H; N-CH3), 3.35-2.2 (m, 12H; N-CH2-), 3.10 (s, 3H; N-CH3), 3.06 (m, 1H, 
CH(OH) (H12)), 2.43-2.35 (m, 2H, Rh-CH (H11), Rh-CH-CH-exo (H14B)), 2.24 (s, 3H; N-CH3), 2.08 (m, 1H, allyl- 
CH2-exo (H13B)), 1.80 (m, 1H, allyl-CH2-exo (H24B)), 1.74 (m, 1H, allyl-CH2-endo (H13A)), 0.90 (m, 1H, Rh-CH- 
CH-endo (H14A)).0.71 (m, 1H, allyl-CH2-endo (H24A)).
13C{1H}-NMR (100.614 MHz, [D6]-acetone, 298K) 5= 163.3 (q, 1J(C,B)= 49.2 Hz; BAr-C1), 135.5 (BAr-C2), 125.3 
(q, 3J(C,B)= 2.8 Hz; BAr-C3), 121.5 (BAr-C4), 94.9 (d, 1J(Rh,C)= 5.8 Hz; allyl (C22)), 84.0 (RhCH-CH(OH)- (C12)),
70.6 (d, 1J(Rh,C)= 12.2 Hz; allyl (C21)), 63.9 (N-CH2-), 63.3 (d, U R ^ C ^ H J  Hz; allyl (C23)), 61.2 (N-CH2-), 58.5 
(N-CH2-), 58.0 (N-CH2-), 57.1 (d, 1J(Rh,C)=24.8 Hz; Rh-CH- (C11)), 56.3 (N-CH3), 56.0 (N-CH2-), 55.0 (N-CH3), 53.4 
(N-CH2-), 49.2 (N-CH3), 41.0 (RhCH-CHr  (C14)), 37.3 (allyl-CHr  (C13)), 23.7 (allyl-CHr  (C24)).
Fab-Ms (m-Noba/CH3CN): 398 [M-PF6]+, 941 [2M-PF6]+ (PF6-salt).
Calculated for [15]BPh4 (C41H53N3ORhB): C 68.62, H 7.44, N 5.86; Found: C 68.07, H 7.49, N 5.91. Calculated for
[15]PF6 (C17H33N3ORhPF6): C 37.58, H 6.12, N 7.73; Found: C 37.23, H 6.05, N 7.68.
[16a]BPh4
(1,4,5,6-h 4-(2-hydroxy-cycloocta-4-ene-1,6-di-yl))-((s-fac-N,N-di(2-pyridylmethyl)amine)-rhodium(III)- 
tetraphenylborate
[16a]BPh4 was obtained by heating [13a]BPh4 to 40oC for 5 hours in CH2Cl2, followed by evaporation of the solvent 
under reduced pressure. Yield 100%.
Assignment of NMR signals of the Rhm(cycloocta-2-hydroxy-4,5-ene-1,6-di-yl) fragment is in accordance with the atom 
labeling in Figure 8.
1H-NMR (400.136 MHz, [D6]-acetone, 298K) 5 = 9.34 (d, 3J(H,H)= 5.4 Hz, 1H; Py-H6), 8.21 (d, 3J(H,H)= 5.2 Hz, 1H; 
Py-H6), 8.00 (m, 1H, NH), 7.77 (m, 1H; Py-H4), 7.66 (m, 1H; Py-H4), 7.36 (m, 8H; BAr-H2), 7.40-7.30 (m, 3H ; Py- 
H5 and Py-H3), 7.18 (m, 1H; Py-H5), 7.01 (t,3J(H,H)= 7.4 Hz, 8H; BAr-H3), 6.86 (t, 3J(H,H)= 7.4 Hz, 4H; BAr-H4), 
5.14 (m, 1H; allyl (H21)), 5.00 (dd[AB], 2J(H,H)=18.05 Hz, 3J(NH,H)= 8.42 Hz, 1H; N-CH^-Py), 4.90 (dd[AB],
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2J(H,H)= 16.38 Hz, 3J(NH,H)= 6.45 Hz, 1H; N-CH2-Py), 4.62 (s, 1H, OH), 4.61 (m, 1H; allyl (H23)), 4.42 (dd[AB], 
2J(H,H)= 16.38 Hz, 3J(NH,H)= 1.02 Hz, 1H; N-CH-Py), 4.37 (ddd, 3J(H,H)= 8.5 Hz, 3J(H,H)= 7.72 Hz, 2J(Rh,H)= 1.6 
Hz allyl (H22)), 4.32 (d[AB], 2J(H,H)= 18.05 Hz, 1H; N-CH-Py), 3.60 (m, 1H, CH(OH) (H12)), 2.33 (m, 1H, Rh-CH 
(H11)), 2.14 (m, 1H, allyl-CH2-exo (H24B)), 2.07 (m, 1H, allyl-CH2-exo (H13B)), 1.97 (m, 1H, Rh-CH-CHr exo 
(H14B)), 1.54 (m, 1H, allyl-CH2-endo (H13A)), 1.42 (m, 1H, allyl-CH2-endo (H24A)), 1.15 (m, 1H, Rh-CH-CH2-endo 
(H14A)).
13C{1H}-NMR (100.614 MHz, [D6]-acetone, 298K) 5= 165.1 (q, 1J(C,B)= 48.6 Hz; BAr-C1), 162.7 (Pya-C2), 160.0 
(Pyb-C2), 154.8 (Pya-C6), 149.9 (Pyb-C6), 139.6 (Pya-C4), 137.7 (BAr-C2), Pyb-C4 obscured by BAr-C2 signal, 126.0 
(Pya-C3), 126.7 (q, 3J(C,B)= 2.8 Hz; BAr-C3), 125.9 (Pyb-C3), 123.8 (Pya-C5), 123.7 (Pyb-C5), 122.9 (BAr-C4), 99.0 
(d, 1J(Rh,C)= 5.3 Hz; allyl (C22)), 88.5 (Rh-CHOH (C12)), 74.4 (d, 1J(Rh,C)= 12.4 Hz; allyl (C21)), 66.7 (d, 
1J(Rh,C)=12.2 Hz; allyl (C23)), 64.1 (N-CH2-Py), 61.0 (N-CH2-Py), 52.0 (d, J R ^ C ^ U  Hz; Rh-CH- (C11)), 39.8 
(RhCH-CH2- (C14)), 36.8 (allyl-CH^- (C13)), 25.2 (allyl-CH^- (C24)).
Fab-Ms (m-Noba/CH3CN): Calculated for C20H25N3ORh: 426.1053; Found: 426.1062 [M-BPLJ+ (A= -2.2 ppm). 
Calculated for C44H45N3ORhB: C 70.88, H 6.08, N 5.64; Found: C 70.92, H 5.61, N 5.82.
[17a]PF6
(1,4,5,6-h 4-(2-hydroxy-cycloocta-4-ene-1,6-di-yl))-((s-fac-N-butyl-N,N-di(2-pyridylmethyl)amine)-rhodium(III)- 
hexafluorophosphate
[17a]PF6 was obtained by heating [14a]PF6 to 80oC for 12 hours in CH2Cl2, followed by evaporation of the solvent 
under reduced pressure. Yield 100%.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5= 9.40 (d, 1H, 3J(H,H)= 5.3 Hz; Py-H6), 8.20 (d, 1H, 3J(H,H)= 5.5 Hz; 
Py-H6), 8.00-7.00 (m, 6H, Py-H3, Py-H4, Py-H5), 5.20-4.50 (m, 8H; N-CH2-Py, allyl (H21), allyl (H23), allyl (H23) 
and OH), 4.20-3.80 (m, 2H, N-CH2-C3H7), 3.50 (m, 1H; CH(OH) (H12)), 2.80-0.7 (m, 14H; Rh-CH, allyl-CH2-exo, 
allyl-CH2-endo, -CH2-CH2-CH3).
13C{1H}-NMR (75.48 MHz, [D6]-acetone, 298K) 5= 159.7 (Pya-C2), 158.0 (Pyb-C2), 155.7 (Pya-C6), 148.3 (Pyb-C6),
138.8 (Pya-C4), 138.5 (Pyb-C4), 125.0 (Pya-C3), 123.5 (Pyb-C3), 122.7 (Pya-C5), 122.2 (Pyb-C5), 98.3 (d, 1J(Rh,C)=
5.3 Hz; allyl (C22)), 89.0 (Rh-CHOH (C12)), 71.2 (d, 1J(Rh,C)= 11.6 Hz; allyl (C21)), 70.4 (d, 17^,0=12.6  Hz; allyl 
(C23)), 68.4 (N-CH-Py), 68.1 (N-CH2-Py), 67.1 (N-CHÆH,), 53.2 (d, ' . / ( R ^ C ^ J  Hz; Rh-CH- (C11)), 38.1 
(RhCH-CH- (C14)), 34.1 (allyl-CH- (C13)), 26.6 (N-CH2-CH2-C2H5), 25.6 (allyl-CH- (C24)), 20.9 (N-C2H4-CHr  
CH3), 14.0 (N-C3H6-CH3).
[18](PF6)(BArf4)
(h 4-cyclo-octa-1,5-diene)-( -^(N-(2-pyridiniumylmethyl)-2-pyridylmethanamine)-rhodium (I)-hexafluorophosphate- 
tetra[3,5-di(trifluoromethyl)phenyl]borate
[18](PF6)(BArf4) was prepared by addition of 91 mg (0.09 mmole) HBArf4[26] to a solution of 50 mg (0.09 mmole)
[3]PF6 in 10 ml CH2Cl2, followed by evaporation of the solvent.
1H-NMR (400.14 MHz, CD2Cl2, 225K) 5 = 15.9 (s, br, PyH+), 8.49 (dd, 3J(H,H)=7.8 Hz, 3J(H,H)=7.6 Hz, PyH+-H6), 
8.60-7.25 (19H, Py, PyH+ and B(Arf)4), 4.72 (m, br., NH), 4.51 (m, 1H, HC=CH), 4.37 (m, 1H, HC=CH), 4.27 (d[AB], 
3J(H,H)=16.6 Hz, N-CH2-Py), 4.19 (m, 1H, HC=CH), 4.12 (d[AB], 3J(H,H)=14.0 Hz, N-CH2-PyH+), 4.01 (m, 1H, 
HC=CH), 3.96 (d[AB], 3J(H,H)=14.0 Hz, N-CH2-PyH+), 3.80 (d[AB], 3J(H,H)=16.6 Hz, N-CH2-Py), 2.50-1.75 (8H, 
C=C-CH-).
13C{1H}-NMR (100.61 MHz, CD2Cl2, 225K) 5 = 157.9, 147.9, 147.5, 147.3, 142.7, 140.6, 129.1, 127.7, 125.1 and
122.9 (Py and PyH+), 85.3, 84.6, 83.9 and 82.6 (br, CH=CH), 55.5 and 50.5 (N-CH2-Pyb), 30.7, 29.7, 29.5 and 28.7 
(C=C-CH2).
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Oxidation of [“N4”RhI(ethene)]+ by H20 2;
Reactivity of Protonated 2-Rhodaoxetanes
Bas de Bruin, M ark J. Boerakker, Anja J.A.W. Verhagen, René de Gelder, Jan M.M. Smits 
and Anton W. Gal.
Department o f Inorganic Chemistry, University o f Nijmegen, The Netherlands. Toernooiveld 1, 
6525 ED Nijmegen.
A bstrac t
New cationic, five coordinate complexes [(TPA)Rh!(ethene)]+, [1a]+, and [(MeTPA)Rh!(ethene)]+, 
[1b]+, have been prepared. (TPA= N,N,N-tri(2-pyridylmethyl)amine, M eTPA= N-[(6-methyl-2- 
pyridyl)methyl]-N,N-di(2-pyridylmethyl)amine). [1a]+ is selectively converted by aqueous HCl to 
[(TPA)Rhm(ethyl)Cl]+, [2a]+. The same reaction for [1b]+ results in the [(MeTPA)Rhm(ethyl)Cl]+ 
isomers [2b]+ and [2c]+. Treatment o f [1a]+ and [1b]+ with aqueous H 2O2 results in selective 
oxygenation to the unsubstituted 2 -rhoda(III)oxetanes ( 1-oxa-2 -rhoda(III)cyclobutanes) 
[(TPA)RhIII(K2-2-oxyethyl)]+, [3a]+, and [(MeTPA)RhIII(K2-2-oxyethyl)]+, [3b]+. The reactivity of 
[3a]+ and [3b]+ is mainly determined by their tendency to eliminate acetaldehyde and the 
nucleophilic character o f their rhodaoxetane oxygen. Elimination o f ethylene oxide is not observed. 
At 90oC, [3a]+ and [3b]+ eliminate acetaldehyde. Reaction o f [3a]+ and [3b]+ with the non­
coordinating acid HBArf4 results in the protonated 2-rhodaoxetanes [(TPA)RhIII(K2- 
2-hydroxyethyl)]2+, [4a]2+, and [(MeTPA)RhIII(K2-2-hydroxyethyl)]2+, [4b]2+. These eliminate 
acetaldehyde at room temperature, probably via a coordinatively unsaturated K1-2-hydroxyethyl 
complex. Complex [4a]2+ is stabilised in acetonitrile as [(TPA)RhIII(K1-2-hydroxyethyl)(MeCN)]2+, 
[5a]2+. The M eTPA analogue [4b]2+ in acetonitrile continues to eliminate acetaldehyde. Reaction of 
[3a]+ with NH4Cl and MeI results in the coordinatively saturated complexes [(TPA)RhIII(K1-2- 
hydroxyethyl)(Cl)]+, [6a]+, and [(TPA)RhIII(K1-2-methoxyethyl)(I)]+, [7a]+, respectively. Reaction of 
[3a]+ with NH 4+ in M eCN results in formation o f the metallacyclic amide [(TPA)RhIII(K2 -O,C-2- 
(acetylamino)ethyl)]2+, [9]2+, via the intermediates [4a]2+, [5a]2+ and the metallacyclic iminoester 
[(TPA)RhIII(K2-N,C-2-(acetimidoyl)ethyl)]2+, [8 ]2+. The observed conversion o f RhI(ethene) 
complex [1a]+ to the metallacyclic amide [9]2+ via 2-rhodaoxetane [3a]+, provides a new route for 
amidation o f a RhI(ethene) fragment.
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In troduction
The intermediacy o f 2-metallaoxetanes (1-oxa-2-metallacyclobutanes) has been proposed in 
important conversions. They are reason for debate around the mechanism o f the Kochi-Jacobsen- 
Katsuki (salen)Mn-catalysed asymmetric epoxidation o f olefins[1] and other epoxidation reactions.[2] 
2-Metallaoxetanes have also been invoked in dihydroxylation o f olefins by KMnO4, CrO2Cl2 or 
OsO4,[3] catalytic rearrangement o f epoxides to ketones[4], and in the RhI-catalysed asymmetric 
hydrogenolysis o f epoxides.[5]
No 2-metallaoxetane intermediate has ever been observed directly in any of these reactions. The 
mechanistic proposals are all based on indirect evidence (e.g. kinetics). Reports on the reactivity of 
2 -metallaoxetanes are scarce and little is known about the properties o f these strained four 
membered metallacycles. Few 2-metallaoxetanes have been isolated, and those reported are 
stabilised by various substituents. [5, 6 7] Consequently, it is difficult to deduce the intrinsic reactivity 
o f the basic 2-metallaoxetane moiety from these substituted examples. Previous results suggest that 
substituents at the ß -position o f 2 -rhodaoxetanes are required to prevent ß -hydrogen elimination.[8]
In this chapter we describe the synthesis and reactivity o f unsubstituted 2-rhodaoxetanes, obtained 
by selective oxygenation o f complexes [“N 4”RhI(ethene)]+ (“N 4” = tetradentate N-donor ligand). 
The nucleophilic character o f the ethene in these complexes is demonstrated by the formation of 
[“N 4”RhIII(ethyl)(Cl)]+ upon reaction with HCl. Selective oxidation o f [“N 4”RhI(ethene)]+ by H 2O2 
results in unsubstituted 2 -rhodaoxetanes as isolable compounds.
The isolation o f relatively stable, unsubstituted 2-rhodaoxetanes gives us an unique opportunity to 
obtain a better understanding o f the intrinsic reactivity o f 2-metallaoxetanes. W e now report that the 
reactivity o f 2 -rhodaoxetanes is mainly determined by their tendency to eliminate acetaldehyde via 
ß -hydrogen elimination and the nucleophilic character o f the rhodaoxetane oxygen. Part o f this 
work has been communicated.[9] The relevance o f this work to the possible intermediacy of 
2 -metallaoxetanes in the above mentioned catalytic conversions will be discussed.
R esults and  discussion
1. Synthesis of the [“N4”R h I(ethene)]+ complexes
W e synthesised the cationic ethene complexes [(TPA)RhI(ethene)]+, [1a]+, and 
[(M e1TPA)RhI(ethene)]+, [1b]+, by the route shown in Scheme 1. Stirring [ |(C 2H 4)2Rh(|i-Cl)}2] 
with N,N,N-tri(2-pyridylmethyl)amine (TPA) or N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2- 
pyridylmethyl)amine (M e1TPA) in MeOH at -78oC results in the formation o f [1a]Cl and [1b]Cl, 
respectively. Cations [1a]+ and [1b]+ were isolated as [1a]BF4, [1a]PF6 and [1b]BPh4 by 
precipitation with NaBF4, KPF6 or NaBPh4.
The structure o f [1b]BPh4 was determined by single crystal X-ray diffraction (Figure 1). Selected 
bond lengths and angles are given in Tables 1 and 2.
The X-ray structure clearly reveals the pseudo trigonal bipyramidal geometry o f [1b]+. The 
equatorial positions are occupied by the 6 -methylpyridyl nitrogen (NPy-Me), the amine nitrogen 
(Namine) and the ethene ligand; the axial-positions by the two pyridyl nitrogens (NPy).
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TPA: R=H 
Me1TPA: R=CH3
[1a]+: R=H 
[1b]+: R=CH3
Scheme 1. Preparation of RhI(ethene) complexes [1a]+ and [1b]+.
The shortest Rh-N distances are observed for N Py at Rh1-N1: 2.019(7) Â and Rh1-N2: 2.021(6) Â. 
The Rh-Namine distance (Rh1-N3) is found at 2.175(6) Â, and the longest Rh-N distance is found for 
NPy-Me, Rh1-N4: 2.257(7) Â.
Figure 1. X-ray structure o f ethene complex [1b]+.
It has been observed for other transition metal complexes, including rhodium(I), that introduction of 
a methyl group at the pyridine-6 -position causes a weakening o f the electron donor ability o f the 
pyridyl nitrogen, thus inducing some lability o f the M -N bond.[10] This effect has been ascribed to 
increased steric crowding around the nitrogen donor atom. Results with Cu(II) complexes show that 
substitution o f a pyridyl by a 6 -methylpyridyl donor does not always lead to longer M -N 
di stances.[11]
+
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Theoretical and experimental results of Rossi and Hoffmann indicate that for d8-metals in a trigonal 
bipyramid, the stronger o-donor ligand prefers the axial position and ^-ligands bind more strongly 
in the basal plane.[12] The arrangement o f the ligands in [1b]+ is in good agreement with these 
results.
Notably, the N-donors in the trigonal plane (N3 and N4) span the smallest N-Rh-N angle (76.8(3)°). 
In order to be closer to the ideal trigonal bipyramidal angle o f 120°, these N-donors would be 
expected to span the largest N-Rh-N angle. We, and others, observed similar deviations from ideal 
trigonal bipyramidal geometry in related rhodium(I) and iridium(I) complexes,[13] although a more 
normal behaviour o f angles has also been reported.[14] Possibly, the description o f [1b]+ being a 
trigonal bipyramid is not completely valid. Alternatively one could describe [1b]+, and other 
trigonal bipyramidal RhI-complexes, as pseudo-square planar, in which two donor atoms (for [1b]+ 
the 6 -methylpyridyl and the amine donor) share a single coordination site.
The Rh-C distances in [1b]+ (Rh-C1: 2.074(10) Â, Rh-C2: 2.086(9) Â) are rather short, whereas the 
C-C bond length o f the coordinated ethene (C1-C2 = 1.445(16) Â) is relatively long compared to 
distances reported for other RhI(ethene) complexes (ranges found in the Cambridge Structural 
Database, Rh-C: 2.084-2.226 Â, C-C: 1.312-1.445 Â). The longest C-C distance observed in these 
series, 1.445 Â, is reported for the neutral CpRhI(C2H 4)PM e3.[15] For cationic [1b]+ a similar 
distance is observed. It seems that a significant rhoda(III)cyclopropane contribution to the RhI-olefin 
interaction (n -back donation) is involved.
Table 1. Selected bond lengths [Á].[a]
[1b]+ [2bA]+ [2bB]+ [2c]+ [3bA]+ [3bB]+ [6a]+ [8]2+ [9]2+
N1-Rh1 2.019(7) 2.00(2) 1.97(3) 2.041(3) 2.045(10) 2.033(9) 2.034(7) 2.025(10) 2.034(4)
N2-Rh1 2.021(6) 2.00(2) 1.98(3) 2.099(3) 2.021(6) 2.019(8) 2.041(8) 2.065(10) 2.048(4)
N3-Rh1 2.175(6) 2.00(2) 2.103(19) 2.050(3) 2.140(8) 2.124(8) 2.091(7) 2.137(10) 2.142(3)
N4-Rh1 2.257(7) 2.371(17) 2.373(19) 2.182(3) 2.132(10) 2.079(13) 2.044(8) 2.048(10) 2.007(4)
N5-Rh1 2.055(12)
C1-Rh1 2.074(10) 1.99(5) 2.078(18) 2.107(4) 2.070(7) 2.075(8) 2.194(9) 2.043(12) 2.063(5)
C2-Rh1 2.086(9) 2.564(7) 2.542(10)
O1-Rh1 2.000(5) 2.013(6) 2.051(3)
Cl1-Rh1 2.365(6) 2.362(6) 2.3634(10) 2.385(4)
C1-C2 1.445(16) 1.51(5) 1.52(3) 1.486(6) 1.514(11) 1.49(2) 1.62(3) 1.473(17) 1.496(9)
C2-O1 1.446(10) 1.435(14) 1.67(3) 1.450(17)
C2-N5 1.443(7)
C3-O1 1.374(17) 1.261(5)
C3-N5 1.245(19) 1.319(6)
C3-C4 1.51(2) 1.487(6)
[a] For atom labelling see Figure 1-4, 7, 9 and 10.
Superscripts A and B distinguish independent cations in the unit cell.
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Table 2. Selected bond angles and torsion angles [°].[a]
[1b]+ [2bA]+ [2bB]+ [2c]+ [3bA]+ [3bB]+ [6a]+ [8]2+ [9]2+
N1-Rh1-N2 164.5(2) 164.8(7) 163.5(9) 163.61(12) 163.5(3) 165.6(3) 164.3(3) 164.4(4) 164.1(1)
N1-Rh1-N3 81.3(2) 84.6(7) 82.1(7) 83.21(11) 80.6(4) 81.3(4) 82.6(3) 82.1(5) 82.2(1)
N1-Rh1-N4 93.0(2) 81.1(8) 79.6(8) 84.60(12) 98.4(4) 94.0(5) 87.7(3) 91.2(4) 91.4(1)
N1-Rh1-N5 90.7(5)
N2-Rh1-N3 83.3(2) 81.0(7) 81.4(9) 80.54(12) 83.6(3) 84.4(4) 81.9(3) 82.4(5) 82.4(1)
N2-Rh1-N4 84.4(2) 101.5(8) 99.3(8) 95.18(12) 83.7(4) 85.4(4) 92.8(3) 88.2(4) 90.9(2)
N2-Rh1-N5 88.3(5)
N3-Rh1-N4 76.8(3) 82.0(8) 81.4(8) 82.23(11) 81.1(4) 81.8(4) 82.9(3) 82.3(4) 82.8(1)
N3-Rh1-N5 92.0(5)
N4-Rh1-N5 173.6(5)
Rh1-C1-C2 70.1(5) 116(2) 113.4(17) 115.2(3) 90.0(5) 89.4(6) 103.5(12) 115.0(9) 111.7(4)
C1-C2-Rh1 69.2(6) 53.8(4) 54.7(4)
C1-Rh1-C2 40.6(5) 36.2(3) 35.9(4)
C1-C2-O1 104.6(6) 106.4(7) 102.3(19) 116.0(13)
C1-C2-N5 114.5(5)
C2-O1-Rh1 94.8(4) 93.5(6)
C1-Rh1-O1 70.3(3) 70.0(4) 91.1(2)
C2-Rh1-O1 34.2(3) 34.3(4)
O1-C2-Rh1 51.0(3) 52.2(4)
C2-O1-C3 118.1(13)
C2-N5-C3 124.9(5)
C3-N5-Rh1 129.8(13)
C3-O1-Rh1 126.8(3)
N5-Rh1-C1 87.8(5)
C1-Rh1-Cll 87.8(8) 83.8(6) 85.76(11) 93.9(3)
N5-C3-O1 126.3(18) 121.4(5)
N5-C3-C4 125.7(16) 119.7(5)
O1-C3-C4 108.0(17) 118.9(4)
C1-Rh1-N1 97.1(3) 91.6(10) 94.0(9) 89.03(14) 96.4(4) 96.3(4) 97.3(3) 96.2(5) 97.1(2)
C1-Rh1-N2 96.9(3) 84.4(10) 86.4(9) 90.69(14) 98.1(3) 97.3(4) 98.4(3) 99.4(5) 98.3(2)
C1-Rh1-N3 158.3(4) 92.3(10) 96.2(8) 96.22(13) 167.7(3) 166.6(4) 175.7(3) 178.2(5) 179.0(2)
C1-Rh1-N4 124.8(4) 171.1(9) 173.4(8) 173.58(13) 111.2(4) 111.6(5) 92.8(3) 98.0(5) 96.4(2)
C1-Rh1-N5 87.8(5)
O1-Rh1-N1 85.9(3) 90.6(3) 88.8(1)
O1-Rh1-N2 91.5(3) 89.6(3) 86.9(1)
O1-Rh1-N3 97.6(3) 96.8(3) 89.6(1)
O1-Rh1-N4 175.2(4) 174.9(4) 172.4(1)
Cl1-Rh1-N1 97.2(5) 97.1(5) 91.66(9) 91.7(3)
Cl1-Rh1-N2 97.2(6) 99.4(8) 104.66(9) 86.0(2)
Cl1-Rh1-N3 178.2(6) 179.2(6) 174.45(8) 90.4(2)
Cl1-Rh1-N4 98.0(5) 98.6(6) 95.23 173.27(19)
C2-Rh1-N1 92.5(3)
C2-Rh1-N2 93.8(3)
C2-Rh1-N3 117.7(4)
C2-Rh1-N4 165.1(4)
Rh1-N3-C31-C32 -44.0 (6) 35.7(24) -38.4(25) -34.5(4) -42.0(8) -43.1(9) -39.2(8) 39.8(13) -38.3(4)
Rh1-N3-C41-C42 42.5 (6) -35.8(19) 31.4(35) 41.4(3) 36.2(9) 37.8(8) 37.6(8) -35.1(13) 33.7(6)
Rh1-N3-C5-C6 -13.0 (8) -33.3(25) 40.3(31) 27.3(4) -27.1(9) -19.5(12) 12.1(8) 7.0(14) -5.4(5)
Rh1-N1-C32-C33 176.7 (5) -179.3(20) 177.2(23) 172.9(3) -176.7(9) -177.0(9) 176.4(8) 177.4(12) -176.3(4)
Rh1-N2-C42-C43 -167.8(5) 179.8(16) 171.8(18) 175.5(3) -168.9(10) -174.5(9) 179.3(7) 176.4(10) 177.8(4)
Rh1-N4-C6-C7 170.1 (7) 141.2(30) -146.1(25) -163.0(3) 158.3(24) 166.7(24) -172.8(7) 176.1(11) 178.5(4)
N3-C31-C32-N1 37.5 (8) -28.1(32) 29.5(33) 30.4(5) 31.5(12) 34.8(12) 32.7(11) -32.1(17) 27.7(6)
N3-C41-C42-N2 -40.9 (8) 21.8(23) -21.3(45) -25.7(5) -36.0(12) -32.1(10) -27.6(12) 30.0(18) -25.3(7)
[a] For atom labelling see Figure 1-4, 7, 9 and 10.
Superscripts A and B distinguish independent cations in the unit cell.
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The 1H- and 13C-NM R data o f [1a]+ show signals for one unique, and two equivalent pyridyl 
fragments. Two pyridyl fragments are equivalent, reflecting an effective mirror plane through N amine, 
the ethene fragment and the unique pyridyl fragment. The chemical shifts of the pyridyl fragments 
indicate that the structure o f [1a]+ in solution is five-coordinate. Diagnostic are the 1H-NM R Py-H6 
signals. The Py-H6 signal for the unique pyridyl fragment (5= 9.4) has shifted 0.9 ppm downfield 
relative to the free ligand (5= 8.5) as a result o f coordination to the cationic rhodium center. The 
signal for the two equivalent pyridyl fragments (5= 8.2) has shifted 0.3 ppm upfield as a result o f the 
anisotropic shielding effect o f the coordinated ethene fragment. The diastereotopic protons o f the 
two equivalent N-CH2-Py groups give rise to an AB-type pattern. The methylene group connected to 
the unique pyridine gives rise to a singlet. The NM R spectra o f [1b]+ are similar to those o f [1a]+, 
showing two equivalent axial pyridyl and one equatorial 6 -methylpyridyl fragment, in good 
agreement with the X-ray structure.
Intramolecular exchange o f donor atoms is known to proceed very rapidly in five-coordinate Rh(I)- 
complexes. Therefore, it is remarkable that the axial and equatorial pyridine groups in [1a]+ do not 
exchange on the NM R-timescale at r.t. In both the 1H- and 13C-NMR spectra o f [1a]+ at 298K, the 
ethene fragment is observed as two broad singlets. At 263K the ethene fragment rotates slowly on 
the NMR-timescale, and the two inequivalent =CH2-fragments are observed as two pseudo double 
triplets in the 1H-NM R spectrum (5= 2.11 and 5= 1.82, for both signals: average J(H,H) = 9.5 Hz 
and J(H,Rh?)= 1.7 Hz) and two doublets in the 13C-NMR spectrum (5= 27.2, J(Rh,H)= 18.0 Hz and 
5= 25.0, J(Rh,H)= 19.7 Hz).
2. R eactivity  of [“N4”R h I(ethene)]+; P ro tonation  to R h IIIethyl com plexes, oxygenation to 
2-rhoda(III)oxetanes
W e studied the reactivity o f the complexes [“N 4”Rh!(ethene)]+ towards aqueous HCl and aqueous 
H2O2. Protonation o f [1a]+ with HCl results in the formation o f [(TPA)Rhm(ethyl)(Cl)]+, [2 a]+. The 
analogous reaction o f [1b]+, depending on the reaction conditions, yields isomer [2 b]+ or [2 c]+. 
Oxidation o f [1a]+ and [1b]+ with aqueous H 2O2 results in the selective formation of 
2-rhoda(III)oxetanes [3a]+ and [3b]+, respectively. See Scheme 2.
[2a]+: R,R'=H
[2b]+: R=CH3, R'=H [1a]+: R=H [3a]+: R=H
[2c]+: R=H, R'=CH3 [1b]+: R=CH3 [3b]+: R = C H 3
Scheme 2. Reaction of[1a]+ and [1b]+ with aqueous HCl and aqueous H2O2. 
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2.1 [“N4”R h III(ethyl)(Cl)]+ from  reaction  of [“N4”R h I(ethene)]+ w ith  aqueous H Cl
Reaction o f the cationic Rh!(ethene) complex [1a]Cl (prepared in situ) with HCl in MeOH results in 
formation o f [(TPA)Rhm(ethyl)(Cl)]Cl, [2 a]Cl. The analogous reaction o f [1b]Cl with HCl, 
depending on the reaction conditions, results in the formation o f the symmetric ethyl-chloro 
complex [2b]Cl, or the asymmetric ethyl-chloro complex [2c]Cl. Symmetric [2b]Cl was obtained 
by slow warming-up o f a solution o f [1b]Cl to which a high concentration HCl was added at -78oC. 
The asymmetric isomer [2c]Cl was obtained by allowing a solution o f [1b]Cl to warm-up more 
rapidly in the presence of a lower HCl concentration. Compound [2a]+ was precipitated as its PF6- 
salt by addition o f KPF6. The BPh4- salts [2b]BPh4 and [2c]BPh4 were isolated by precipitation with 
NaBPh4. (Scheme 2).
Although protonation o f neutral RhI- and IrI-ethene complexes to M III-ethyl species has been 
reported before,[16] protonation o f cationic Rh!(ethene) complexes is unprecedented. As indicated by 
1H-NMR, the ethene fragment in [1a]+ is also protonated upon treatment with HBF4.(OEt2)2. This 
suggests that protonation does not require additional coordination o f a counterion (e.g Cl-). These 
results clearly demonstrate the nucleophilic character o f the cationic RhI(ethene) species [1a]+ and 
[1b]+.
The structures o f isomers [2b]BPh4 and [2c]BPh4 were determined by single-crystal X-ray 
diffraction (Figure 2 and Figure 3). For [2b]+ two independent cations, [2bA]+ and [2bB]+, are found 
per unit cell. Selected bond lengths and angles are given in Tables 1 and 2.
Figure 2. X-ray structure o f symmetric ethyl-chloro complex [2b]+
The geometry o f the cations [2b]+ and [2c]+ is best described as pseudo-octahedral. In both, [2b]+ 
and [2c]+, the chloro ligand is oriented trans to N amine. The main difference between isomer [2b]+ 
and [2c]+ is found in the position o f the 6 -methyl-pyridyl fragment. In [2b]+, N Me-Py is oriented trans 
to the ethyl group and the two NPy donors are oriented mutually trans. In [2c]+, the ethyl group and a 
NPy donor are oriented trans, leaving NPy-Me and the second NPy in trans position. The Rh-N
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distances observed for [2 b]+ and [2c]+ are roughly in the following order: Rh-Namine =
Rh-NPy (trans NPy) = Rh-NPy (trans NPy^e)< Rh-NPy-Me (trans NPy ) < Rh-NPy (trans Et) < R h-NPy-Me (trans Et).
Figure 3. X-ray structure o f asymmetric ethyl-chloro complex [2c]+.
In both [2 b]+ and [2c]+ the longest Rh-N-distance is observed for the N-donor trans to the ethyl 
group, reflecting the high trans influence o f the ethyl fragment. However, the Rh-N distances of 
Npy-Me trans to the ethyl group in [2bA]+ (Rh-N: 2.371(17) Â) and [2bB]+ (Rh-N: 2.373(19) Â) are 
significantly longer than the Rh-NPy (trans Et) distance in [2c]+ (Rh-N1: 2.182(3) Â). In related Rh(III)- 
ethyl complexes, Rh-N distances o f N-donors trans to an ethyl fragment are observed in a range 
from 2.207-2.256 Â .[17] The Rh-NPy-Me distances in [2 b]+ indicate a weak (merely electrostatic?) 
interaction between NPy-Me and Rh(III). In [2c]+ the Rh-N distance o f NPy-Me, now cis to the ethyl 
group, is much shorter (Rh-N2: 2.099(3) Â), but still longer than the corresponding Rh-NPy (trans 
NPyMe) and Rh-Namine distances. As mentioned (vide supra), the weaker electron donor ability o f a 
6 -methylpyridyl donor compared to a pyridyl donor has been ascribed to steric factors. Indeed, it 
seems that the methyl group o f the 6 -methylpyridyl donor in [2 b]+ has tilted away from the bulky 
chloro ligand to avoid unfavourable steric interactions. Nevertheless, the 6 -methylpyridyl group in 
[2 c]+ is relatively close to the rhodium centre.
In [2b]+ the 6 -methylpyridyl group trans to ethyl coordinates in a tilted way. The Rh1-N4-C6-C7 
(Figure 2, Table 2) torsion angle, which is a measure for this tilt, is significantly larger in 
[2bA]+/[2bB]+ than in [1b]+ ([2bA]+: 141.2(30)°, [2bB]+: 146.1(25)°, [1b]+: 170.1(7)). In this way, the 
lone pair o f this nitrogen-donor can not have ideal overlap with the metal o-orbitals. It seems 
unlikely that this tilted coordination results from packing effects, as the independent cations [2 bA]+ 
and [2bB]+ both show a comparable tilt. Moreover, the pyridyl fragment trans to the ethyl fragment 
in [2c]+ is less tilted (Rh1-N4-C5-C6 torsion angle: -163.0(3^’). In [1b]+ the two chelate rings 
containing N3-Rh1-N1 and N3-Rh1-N2 adopt an envelope conformation. (Like in all other 
structures in this chapter, illustrated by comparable Rh1-N3-C31-C32, Rh1-N3-C31-C32, Rh1-N3-
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C31-C32 and Rh1-N3-C31-C32 torsion angles in Table 2). The “unique” chelate ring in [1b]+, 
containing N3-Rh1-N4, adopts a more planar conformation (small torsion angles, Rh1-N3-C5-C6: 
-13.0(8)° and N3-C5-C6-N4: 16.2(9)° Table 2). W e believe that steric repulsions between the 
methylene groups (N-CH2-Py) prevent this ring to also adopt an envelope conformation. The 
deviation from planarity to a half chair conformation on going from [1b]+ to [2 b]+ is thought to 
result from the relatively long Rh1-N4 distance in [2b]+. In fact, with shorter Rh-N4 distances, the 
“unique” chelate ring o f TPA is almost planar (see structure o f [6 ]+, [8 ]2+ and [9]2+ and their small 
Rh1-N3-C5-C6 and N3-C5-C6-N4 torsion angles in Table 2) and shows a much smaller tilt (Rh- 
N3-C5-C6 torsion angles in Table 2). In [2b]+, the trans effect of the ethyl fragment, and steric 
repulsion between the methyl group o f PyMe and the chloro ligand, causes lengthening o f the 
Rh1-N4 distance. The only way to accommodate this lengthening o f Rh1-N4, without introducing 
substantial steric repulsion between the N-CH2-Py methylene fragments, is by a tilted coordination 
o f the 6 -methylpyridyl group. (A significant, though smaller tilt is also observed for [3bA]+/[3bB]+.) 
In the 1H-NM R spectrum of [2a]+, one unique and two equivalent pyridyl signals are observed. The 
methylene protons o f the two equivalent N-CH2-Py fragments give rise to an AB-pattern. A singlet 
is observed for the methylene protons o f the unique N-CH2-Py group. The ethyl fragment give rise 
to a triplet at 5= 0.61 (3/(H ,H )= 7.4 Hz, 3H) and a double quartet at 5= 2.71 (3/(H ,H )= 7.4 Hz, 
2/(R h,H )= 2.7 Hz, 2H). In the ^ -N O E S Y  spectrum of [2a]+, a clear NOE contact between the 
methylene protons o f the ethyl fragment and nearby axial methylene protons o f the two equivalent 
N-CH2-Py fragments (one half o f the AB-type signals) is observed, thus indicating that the ethyl 
group is oriented trans to the unique pyridyl fragment.
The 1H-NM R spectrum of symmetric [2b]+ shows two equivalent pyridyl signals, a single AB­
pattern for the methylene protons o f the two equivalent N-CH2-Py fragments, and a singlet for the 
methylene protons o f the N-CH2-PyMe group. The ethyl fragment gives rise to a triplet at 5= 0.36 
(3/(H ,H )=  7.4 Hz, 3H) and a double quartet at 5= 2.71 (3/(H ,H )=  7.4 Hz, 2/(R h,H )= 2.7 Hz, 2H). In 
the asymmetric isomer [2 c]+ different signals are observed for the three inequivalent pyridyl-donors. 
The three methylene groups give rise to three AB-type signals. For the Rh-ethyl fragment, the 
protons gives rise to a triplet at 5= 0.56 (3/(H ,H )= 7.4 Hz, 3H) and the two diastereotopic methylene 
protons are observed as multiplets at 5= 2.56 and 5= 2.85.
In the absence o f further evidence, one can only speculate about the mechanism o f formation o f the 
Rh(III)-ethyl-chloro complexes. One feasible mechanism would be the formation o f a Rhm(ethyl) 
fragment by direct protonation at the ethene fragment,[18] in accordance with a significant rhoda(III)- 
cyclopropane character of the Rh!(ethene) fragment (vide supra). The conventional mechanism 
would be protonation o f the Rh(I)-centre to give a Rhm-hydride species. Subsequent migratory 
insertion o f ethene into the Rh-H bond would then result in formation o f [2a]+, [2b]+ and [2c]+. 
Precedents for protonation o f Rh!- and Ir!-sites to Rhm-H and IrIII-H sites (some in equilibrium with 
M m-ethyl species) are known.[19]
Exchange o f axial and equatorial pyridine groups in [1a]+ is not observed on the NMR-timescale. 
Analogous to [1a]+, we assume that exchange o f N Py and N Py-Me in [1b]+ is also slow. Therefore, the 
isolation o f the two isomers [2b]+ and [2c]+, resulting from reaction o f [1b]+ with aqueous HCl is 
somewhat surprising. Ligand exchange processes are expected to be slow in (kinetically inert) 
Rh(III)-complexes, and rapid in (kinetically labile) Rh!-species. Therefore, it seems likely that [2b]+
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and [2 c]+ result from protonation o f a symmetric and an asymmetric isomer o f ethene complex 
[1b]+, respectively.
2.2 R hoda(III)oxetanes from  oxygenation of [“N4”R h I(ethene)]+ by aqueous H 2O2;
Reaction o f [1a]PF6 with an excess o f aqueous H 2O2 (35%) in M eOH at -10oC results in immediate 
selective oxygenation o f [“N 4”Rh!(ethene)]+ and formation o f 2-rhodaoxetane [3a]PF6. The BPh4- 
salt [3a]BPh4 was obtained by in situ oxidation o f [1a]Cl (vide supra) with H 2O2 and precipitation 
by addition o f 1 eq. NaBPh4. Similarly, we obtained [3b]BPh4 by in situ oxygenation o f [1b]Cl. The 
reactions result in a colour change o f the solution from yellow to pale yellow. (Scheme 2)
Clear signals for the Rh-CH2-CH2-O- fragments are observed in the 1H- and 13C-NMR spectra of 
[3a]+ and [3b]+. In the 1H-NM R spectra, the -CH2-O- protons are observed as triplets whereas the 
Rh-CH2-protons are observed as doublets o f triplets as a result o f rhodium coupling. In the 13C- 
NM R spectra, both the -CH2-O- and the Rh-CH2- signals show rhodium coupling. Chemical shifts 
and coupling constants are summarised in Tables 3 and 4.
The crystal structure o f [3b]BPh4.1 ^ H 2O was determined by single-crystal X-ray diffraction. It 
proved to be a pseudocentrosymmetric arrangement o f two cations ([3bA]+ and [3bB]+), two anions 
and three watermolecules per unit cell. The molecular structure o f cation [3bA]+ is shown in 
figure 4.
Figure 4. X-ray structure of2-rhoda(III)oxetane [3b]+.
To our best knowledge [3a]+ and [3b]+ are the first isolated examples o f unsubstituted 
2-metallaoxetanes. Substituted[6] 2-metallaoxetanes have been prepared by oxidative addition o f an 
epoxide to a low valent metalcomplex,[5, 7a lh’ 8b] or, in the case o f 2 -rhoda- and 2 -irida-oxetanes, by 
deprotonation o f a ß -hydroxyethyl-metal-halide^7^  8] and by oxidation o f the cod complex 
[(P3O9)Ir!(cod)]2- with dioxygen.[7d] The oxidation o f [1a]+ and [1b]+ to [3a]+ and [3b]+ present the 
first examples o f oxidation o f an ethene complex to a 2 -metallaoxetane.
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Table 3. 1H-NMR chemical shifts and coupling constants o f the Rh-CH2-CH2-Y fragments.
Solvent
Y 8(Rh-CH2-)
(PPm)
8 (-ch2-y-)
(PPm)
3/(H,H) 2/(Rh,H)
(± 0.2 Hz) (± 0.2 Hz)
[2 a]+ [D6]-acetone H 2.71 0.61 7.4 2.7
[2 b]+ CD2CI2 H 2.71 0.36 7.4 2.7
[2 c]+ CD2CI2 H 2.79, 2.56 0.56 7.4 unclear
[3a]+ CD2CI2 O 2.25 4.98 7.5 2.4
[D6]-acetone 2.35 4.97 7.5 2.5
[3b]+ CD2CI2 O 2.35 4.80 7.6 2.6
[D6]-acetone 2.45 4.87 7.5 2.6
[4a]2+ CD3CN O 2.95 5.38 8.1 2.1
[4b]2+ CD2Cl2 O 3.09 5.16 8.1 2.1
CD3CN 3.12 5.21 8.1 2.4
[5a-D3]2+ CD3CN O 3.23 4.01 7.5 2.6
[6a]+ CD2Cl2 O 3.18 3.96 5.3 2.6
[D6]-acetone 3.35 4.03 6.2 2.6
CD3CN 3.16 3.98 7.9 2.6
[D6]-DMSO 3.13 3.96 8.2 2.6
[7a]+ CD2Cl2 O 3.28 4.08 6.3 2.9
[8 ]2+ CD3CN O 3.38 4.26 5.6 2.7
[9]2+ CD3CN N 3.47 3.23 5.9 2.4
[10]+ [D6]-acetone O 3.16 3.57 5.6 2.7
13Table 4. C-NMR chemical shifts and coupling constants ofthe Rh-CH^-CH^-Y fragments.
Solvent
Y S(Rh-CH2-)
(PPm)
S(-ch2-y-)
(PPm)
1/(C,Rh)
(± 0.2 Hz)
2/(C,Rh)
(± 0.2 Hz)
2 + [D6]-acetone H 15.4 16.9 21.9 0
2 ] + CD2Cl2 H 20.9 17.8 23.6 0
+]c]2[ CD2Cl2 H 17.5 17.8 20.4 0
+]a]3[ [D6]-acetone O 1.3 78.7 18.4 4.0
[3b]+ [D6]-acetone O 2.5 80.6 18.0 4.2
+]a]6[ [D6]-DMSO O 34.4 64.6 25.0 0
+]a]7[ CD2Cl2 O 26.3 79.8 25.0 0
8] 2 + [D6]-DMSO O 28.4 71.8 26.6 0
[9]2+ [D6]-DMSO N 33.3 41.5 27.7 0
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Two-thirds o f the water molecules in the crystal are found as indePendent water-dimers. 
Interestingly, one-third o f the water molecules connect the cations [3bA]+ and [3bB]+ via two 
Owater-H -O oxetane hydrogen bonds. The Owater atoms are also involved in a bifurcated hydrogen-bond 
with Pyridyl-C4-H and -C5-H o f a neighbouring [3bA]+ cation. Selected interatomic distances: O2- 
O1A 2.645(6) Â, O2-O1b 2.713(7) Â, O2-H34A 1.900(15) Â, O2-H35A 2.037(11) Â (figure 5). The 
observed hydrogen bonding o f H2O to the 2-rhodaoxetane fragment Parallels the frequently 
observed hydrogen bonds between alcohols and late transition-metal alkoxides.[20] The water signal 
from [3b]BPh4.1 ^H 2O in CD2Cl2 aPPears at 5= 2.05 in the 1H-NM R sPectrum, thus indicating that 
water is also hydrogen bonded to the 2-rhodaoxetane oxygen in solution (free water in CD2Cl2: 5= 
1.50). Addition o f CD3OD to this solution causes a colour change from Pale yellow to almost 
colourless. 1H-NM R shows small shifts o f the Rh-CH2-CH2-O- and N-CH2-Py signals, indicating 
hydrogen bonding to CD3OD (see also Figure 6).
Figure 5. Hydrogen-bridging water molecule in the crystal structure o f [ 3 b]BPh4.1 ^H2O.
Rhodium-alkoxy comPounds are rare. The Rh-O distances in 2-rhodaoxetane [3b]+ ([3bA]+: 2 .00  Â, 
[3bB]+: 2 .01 Â) are short comPared to the range o f known Rh-Oalkoxy distances (2.01-2.11 Â),[18a 21] 
This range includes the Rh-Oalkoxy distance (2.10 Â) in the ß ,ß -di substituted 2-rhodaoxetane 
[(PMe3)3(Br)Rh(CH2C(Me)2O)], I, the only 2-rhodaoxetane rePorted thusfar.[8] The difference 
between the cationic [3b]+ and the neutral I  could be the result o f a weaker trans influence o f the 
hard N  donor in [3b]+ comPared to the soft P donor in I. A M-O distance o f 1.96 Â, similar to that 
in [3b]+, is observed for the dianionic 2-iridaoxetane [(P3O9)Ir(‘Ocod’)]2-, II. [7d] The C-O distances 
found for [3b]+ ([3bA]+: 1 .45 Â, [3bB]+: 1.44 Â) are much shorter than the very long C-O distance in 
the strained 2-iridaoxetane I I  (1.86 Â), but comPare well with those in the 2-rhodaoxetane I  (1.42
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Â). The Rh-C and C-C distances in 2-rhodaoxetane [3b]+ comPare well with the corresPonding 
distances o f I  and n . ^  8]
The longest Rh-N distances are observed for the central amine, trans to the alkyl grouP (Rh1-N3 
2.140(8), 2.124(8) Â). The Rh-N distances observed for 6-methylPyridine grouP are somewhat 
shorter (Rh1-N4 2.132(10), 2.079(13) Â), reflecting the larger trans influence o f an alkyl fragment 
relative to an alkoxide ligand. The shortest Rh-N distances are observed for the mutually trans 
Pyridyl fragments (Rh1-N21 2.021(6), 2.019(8) Â and Rh1-N11 2.045(10), 2.033(9) Â).
Remarkably, the Rh-C bonds in [3a]+ and [3b]+ are oriented trans to the central amine, whereas in 
[2a]-[2c]+ the ethyl grouPs are all orientated cis to the central amine donor. This might be sterically 
controlled. Possibly, H 2O2 can only attack cis to Namine, the sterically least hindered coordination 
site, whereas the Proton can attack both cis to N amine and cis to N Py/NPy-Me. Since the central tertiary 
amine donor is the weakest o-donor o f TPA and MeTPA, a trans Position o f the alkyl fragment and 
N amine is exPected to be favourable, as observed in [3a]+ and [3b]+. W e therefore ProPose that the 
observed cis orientation o f N amine and the ethyl fragment in [2 a]-[2 c]+ is kinetically determined. 
Protonation at Rh* Possibly generates an intermediate Rhm-H sPecies, in which a trans Position of 
N amine and the hydride (strongest trans effect) would be favourable. Migratory insertion o f the olefin 
into the Rh-H bond thus generates [2a]-[2c]+. Steric hindrance Possibly Prevents such kinetic 
Preference for alkyl-Namine cis orientation in formation o f [3a]+ and [3b]+.
W e can only sPeculate about the mechanism of 2-rhodaoxetane formation. As illustrated by the 
reactions with HCl, the RhI(ethene) comPlexes are clearly nucleoPhilic. One could imagine 
nucleoPhilic attack o f the Rh!-atom at (Protonated) H 2O2, resulting in transfer o f OH+ to the Rh!- 
centre.[22] Insertion o f the ethene fragment into the thus obtained Rhm-OH bond, and subsequent 
Proton abstraction from the resulting 2-hydroxyethyl fragment would result in the 2-rhodaoxetane 
fragment. However, we can not exclude alternative mechanisms in which O is transferred from 
hydrogen Peroxide or its canonical form H2O+-O- (water oxide).[23]
In the rhoda(III)cycloProPane formalism, the oxidation [1a]/[1b]+ to 2-rhodaoxetanes bears some 
resemblance to the oxidation o f a nickela(II)cycloPentane comPlex with N 2O to a 1-oxa- 
2-nickela(II)cyclohexane.[24]
3. R eactivity  of the 2-R hodaoxetanes
W e studied the reactivity o f the cationic 2-rhodaoxetanes [3a]+ and [3b]+ towards various reagents. 
The stability o f these strained four-membered metallacycles under neutral or basic conditions was 
surPrising. In solution at r.t. [3a]+ and [3b]+ do not react with CO, PPh3, ethene or acetylenes, and 
are stable up to at least 65oC. At 90oC we observed elimination of acetaldehyde. (See section 3.1) 
Treatment o f a CD2Cl2 solution o f [3b]+ with a solution o f NaBH4 or NaOCD3 in CD3OD has little 
effect on the 1H-NM R signals o f the 2-rhodaoxetane fragment. Instead, the signals o f the methylene 
groups o f the M eTPA ligand disappear from the 1H-NM R spectrum, indicating (base catalysed) H/D 
exchange at N-CH 2-Py. See figure 6 .
In acidic media, however, the reactivity o f the 2-rhodaoxetanes is clearly increased, as described in 
the following section.
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Figure 6 . 1H-NMR spectra of[3b]BPh4, [3b-Dß]BPh4 and [4b]BPh4/BAr^4.
Spectrum of[3b]BPh4 and [4b]BPh4/BArf4 recorded in CD2Cl2.
Spectrum of[3b-D 6]BPh4 recorded in CD2Cl2 with a few drops CD3OD/NaOCD3.
3.1 R eactivity  of 2 -rhodaoxetane [3a]+ and  [3b]+ tow ards H+, N H 4CI and  M el;
The N ucleophilic C h a rac te r of the 2-R hodaoxetane Oxygen Atom
The observed hydrogen bonding interaction with water in the X-ray structure o f [3b]BPh4, was a 
first indication for the nucleophilic character o f the 2-rhodaoxetane oxygen atom. Indeed, treatment 
o f the 2-rhodaoxetanes [3a]BPh4 and [3b]BPh4 with 1 eq. o f the non-coordinating acid 
[H(OEt2)2]B(C6H 3(CF3)2)4 (HBArf4)[25] in either CD2Cl2 or CD3CN, results in formation of 
[4a]BPh4/BArf4 and [4b]BPh4/BArf4 through protonation o f the 2-rhodaoxetane oxygen atom. See 
scheme 3 .
The protonation o f the K2 -O,C-2-oxy ethyl fragments in [3a]+ and [3b]+ to the 
K2 -O,C-2-hydroxy ethyl fragments in [4a]+ and [4b]+ results in significant down-field shifts o f the 
Rh-CH2- and -CH2-O 1H-NM R signals. See Figure 6 and Table 3.
The protonated rhodaoxetanes [4a]2+ and [4b]2+ are not very stable. In CD2Cl2 both [4a]2+ and 
[4b]2+ decompose at r.t. under elimination o f acetaldehyde within approx. 8 hours, as observed by 
1H-NM R (for a proposed mechanism see scheme 5). Thus, protonation o f the 2-rhodaoxetane 
fragment significantly increases the reactivity o f the oxametallacycle.
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2+
[3a]+: R= H 
[3b]+: R= CH 3
1Mel
H [4a]2+: R= H 
[4b]2+: R= CH 3
Cl-
N
NI
C 
C 
CD 3
[5a-D3]2+
not observed 
with R=CH3
not observed 
with R=CH3
not observed 
with R=CH3
Scheme 3. Reaction of 2-rhoda(III)oxetanes [3a]+ and [3b]+ with electrophiles H+, NH4Cl, MeI 
and H+/CH3CN
2+Loss of acetaldehyde from [4b] was also observed in the coordinating solvent CD3CN. In contrast,
2+[4a]2+ is readily solvated by CD3CN at r.t., resulting in the formation of 
[(TPA)Rhm(2-(hydroxy)ethyl)(CD3CN)]2+, [5a-D3]2+, within 1 hour (Scheme 3). Complex [5a-D3]2+
was characterised by 1H-NM R and FAB-Ms. As for [4a]+ and [4b]+, the Rh-CH2- signal o f [5a-
2+ 1 + D3] appears down-field in the H-NM R spectrum relative to that o f 2-rhodaoxetane [3a] .
2+ +However, the -CH2-O- signal o f [5a-D3] shows an up-field shift compared to [3a] , which is
characteristic for a K1-2-hydroxyethyl fragment (see table 3). The observed 5-ch2-O is a normal value 
for an alcohol. Due to their instability, attempts to isolate [4a]2+, [4b]2+ and [5a]2+ were 
unsuccessful. The fate o f the transient 2-(hydroxy)ethyl-acetonitrile complex [5a]2+ will be 
discussed in section 3.3.
Treatment o f an acetone solution o f [3a]BPh4 with NH 4Cl, also resulted in protonation o f the 
2-rhodaoxetane fragment, and formation o f a K1-C-2-(hydroxy)ethyl fragment. In intermediate 
[4a]2+, the chloride anion displaces the hydroxyethyl oxygen from the Rh(III)-centre, thus resulting 
in formation o f [(TPA)Rhm(2-hydroxyethyl)(Cl)]BPh4, [6a]BPh4 (Scheme 3).
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Figure 7. X-ray structure o f 2-hydroxyethyl-chloro complex [6 a]+.MeOH.
Bright yellow crystals o f [6a]BPh4.MeOH, suitable for X-ray diffraction, were obtained by slow 
crystallisation from an acetone solution o f [6a]BPh4, top-layered with MeOH. The X-ray structure 
o f [6a]+ is shown in Figure 7. Selected bond lengths and angles are given in Tables 1 and 2. 
Unfortunately, the CH2-CH2-OH fragment and the co-crystallised M eOH molecule show severe 
disorder, and no satisfactory disoder model could be refined. The X-ray diffraction data confirm the 
presence o f the K1-C-2-hydroxy ethyl fragment. The co-crystallised MeOH molecule seems to be 
involved in O - H - O  hydrogen bonding with the hydroxyl fragment o f [6a]+. The structure o f [6a]+ 
is similar to those o f [2b]+ and [2c]+. However, since [6a]+ is obtained directly from [3a]+, the 
2-hydroxyethyl fragment of [6a]+ is oriented trans to Namine, whereas the ethyl fragments o f [2b]+ 
and [2c]+ are oriented trans to NPy or NPy-Me.
The chemical shifts o f the -Rh-CH2- and -CH2-O- signals in the 1H- and 13C-NMR spectra o f [6a]+ 
are characteristic for a K1-C-coordinated 2-(hydroxy)ethyl fragment (see Tables 3 and 4). The 
3J(H,H) coupling constant o f [6a]+ however, is strongly dependent on the solvent. In CD2Cl2, the 
least polar solvent used, the observed 3/(H ,H ) coupling constant o f 5.3 Hz is exceptionally small. In 
more polar solvents, the coupling constant gradually increases to more normal values, and in 
[D6]-DMSO a value o f 8.2 Hz is observed (see Table 3). In Figure 8 , the observed 3/(H ,H ) coupling 
constant is plotted against the dielectric constant o f the solvent (e). In the region between e= 9 and 
£= 40, a linear correlation is observed between e and 3/(H ,H ).
W e interpret this solvent dependent behaviour by assuming the presence o f an equilibrium between 
an open form as in the X-ray structure, and a cyclic form in which the 2-(hydroxy)ethyl ligand of 
[6a]+ is involved in an intramolecular hydrogen bridge to the chloro ligand. In apolar solvents the 
cyclic structure dominates, whereas in more polar solvents interactions with solvent molecules 
stabilise the open structure. See Scheme 4.
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3J (H ,H )
Figure 8 . Plot o f the 3J(H,H) coupling constant o f [ 6 a]+ vs. the dielectric constant of the solvent.
Strong intramolecular Cl •••HO hydrogen bonding between a rhodium bound chloride and a 
2-hydroxy-2,2-(dimethyl)ethyl is observed in the X-ray structure o f [(Rh(PMe3)3(Br)(Cl)(CH2- 
C(Me)2-OH)].[8] Hydrogen bonding has also been reported for other metal-bound halide ligands.[26]
solv
Scheme 4. Proposed equilibrium between open structure and intramolecular hydrogen bonding in 
[6 a]+.
Similar to the reaction of [3a]BPh4 with N H 4Cl, treatment o f [3a]BPh4 with M eI results in the 
formation o f [(TPA)Rhm(2-methoxyethyl)(I)]BPh4, [7a]BPh4. See Scheme 3. Complex [7a]BPh4 
was isolated as bright-orange crystals from a saturated CH3CN solution. Nucleophilic attack o f the 
nucleophilic oxygen atom of [3a]+ at MeI releases iodide, which subsequently displaces the 
methylated oxygen from the Rhm-centre. The coordinated iodine has a rather strong anisotropic 
shielding effect on the equivalent axial methylene protons o f the two N-CH2-Py fragments, which 
are in close proximity. Selected NM R data for the Rh-CH2CH2-O fragment o f [7a]+ are summarised 
in Tables 3 and 4.
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Attempts to prepare the MeTPA analogues o f [5a]2+, [6a]+ and [7a]+ from MeTPA complex [3b]+ 
resulted in complex reaction mixtures. The observed differences between [3a]+ and [3b]+ probably 
result from sterical hindrance o f the Py-Me fragment in [3b]+. The Py-Me group hinders rotation of 
the -CH2-CH2-O fragments around the Rh-C bond. Dissociation o f the Rh-O bond without rotation 
around Rh-C holds the ß -hydrogens close to the rhodium centre and thus promotes ß -hydrogen 
elimination. Instead o f substitution o f the protonated or methylated oxygen by CH3CN, Cl- or I-, 
decomposition via ß -hydrogen elimination from Rhm-CH2-CH2-OR (R= H, Me) appears to occur.
3.2 T herm al decom position of unsubstitu ted  2-rhodaoxetanes to acetaldehyde
Heating a [D6]-DMSO solution o f [3a]+ or [3b]+ to 90oC for approx. 2 hrs. generates acetaldehyde 
and a mixture o f (TPA)Rh-complexes, as indicated by 1H-NMR. Elimination o f acetaldehyde from 
2-rhodaoxetanes must involve a ß -hydrogen elimination step. As mentioned above, protonation of 
the 2-rhodaoxetane oxygen results in elimination o f acetaldehyde even at r.t. Elimination of 
acetaldehyde at elevated temperatures might also involve protonation o f the 2-rhodaoxetane. It 
seems reasonable to propose a mechanism involving ß -hydrogen elimination to a formylmethyl- 
hydride complex, followed by reductive elimination o f acetaldehyde (Scheme 5). Such ß -hydrogen 
elimination requires a cis-vacant site. Protonation and subsequent dissociation o f the thus obtained 
hydroxy fragment from the metal would generate such a vacant site.
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Scheme 5. Proposed mechanism for ß -hydrogen elimination from protonated 2-rhoda(III)oxetanes.
A similar mechanism has been proposed for the rhodium(I) catalysed isomerisation o f epoxides, via 
a 2-rhodaoxetane intermediate (or a dipolar analogue thereof).[27] In accord with this mechanism, a
62
Oxidation of [“N4”RhI(ethene)]+ by H2O2; Reactivity of Protonated 2-Rhodaoxetanes
cis-hydrido-formylmethyl iridium(III) complex has been obtained by reaction of ethylene oxide with 
[IrI(C8H 14)(PMe3)3(Cl)].[28] For rhoda(III)- and irida(III)oxetanes, ß-hydrogen elimination is 
apparently favoured over reductive elimination o f an epoxide. In fact, reductive elimination o f an 
epoxide from an isolated 2 -metallaoxetane has never been reported.
3.3 R eaction of 2-rhodaoxetane [3a]+ w ith  N H 4+/MeCN
The 2-rhodaoxetane [3a]+ is stable in neat CH3CN. Addition o f 1 mol NH 4PF6 per mol [3a]+ to a 
solution o f [3a]BPh4 in CH3CN at r.t. results in quantitative conversion to the di-cationic imino 
ester [8 ]2+ within 4 hours (Scheme 6).
Scheme 6 . Formation o f 2-(acetimidoyloxy)ethyl) complex [8] 2+ and 2-(acetylamino)ethyl) complex 
[9]2+ upon reaction of2-rhoda(III)oxetane [3a]+ with NH4PF6 in CH3CN.
W e precipitated pure [8 ](BPh4)2.MeOH by addition of NaBPh4 and MeOH. Crystals of
[8 ](BPh4)2.MeOH, suitable for X-ray diffraction, were obtained by crystallization from a saturated
2+solution in DMSO, top-layered with MeOH. The crystal structure o f [8 ] shows that the O,C-
coordinated 2-oxyethyl fragment in [3a]+ has been converted to a N,C-coordinated
2+2-(acetimidoyloxy)ethyl fragment (Figure 9). Bond lengths for [8 ] are comparable to those 
reported for related Rhm- and IrIn-complexes.[29] The observed N(5)-OMeOH distance (3.038(24)Â ) is 
indicative for N-H---OMeOH hydrogen bonding.
The 1H-NM R spectrum recorded immediately after addition o f NH 4PF6 to a CD3CN solution of
+ 2+[3a]BPh4 shows (besides signals o f [3a] and [8 -D3] ) signals indicative o f the presence of 
[(TPA)RhIII(K1-2 -hydroxyethyl)(CD3CN)]2+, [5a-D 3]2+ (Scheme 3).
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Complex [5a-D3]2+ was separately prepared from reaction o f [3a]+ with HBArf4 in CD3CN (vide 
infra). [5a-D3]2+ is relatively stable in CD3CN, and does not spontaneously rearrange to [8 -D3]2+. 
However, [5a-D3]2+ rearranges to imino-ester [8 -D3]2+ within 30 minutes upon addition o f a droplet 
o f pyridine-[D5] to the CD3CN solution (Scheme 7).
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Scheme 7. Base catalysed addition of the hydroxy-fragment in [5a-D3] 2+ to the coordinated nitrile 
resulting in formation o f [ 8 -D3] 2+.
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Clearly, the rearrangement o f [5a]2+ to [8 ]2+ is base catalysed. Thus, the reaction o f [3a]+ with 
N H4+/MeCN proceeds via protonation o f the 2-rhodaoxetane oxygen atom with N H 4+ followed by
2+
solvation of [4a]2+ with CH3CN, yielding [5a]2+ and NH 3. The ammonia facilitates the 
rearrangement o f [5a]2+ to imino ester [8 ]2+, via base catalysed addition o f the 2-hydroxyethyl group 
to the activated -C=N bond o f the coordinated CH3CN,[30] analogous to a Pinner reaction [31] 
(Scheme 8 , path a)
2+
R'— C = N H
I
OR
R'— C =N  
+
R - O H
c)
b)
Path a) Pinner reaction. 
Path b) Ritter reaction.
H
I
...................... R'— C — N— R
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Scheme 8 . Known reactivity o f nitriles with alcohols;
Heating o f a solution o f [3a]BPh4 in CD3CN to 65oC for 4 hours in the presence o f approx. 1 eq.
2+N H 4PF6 results in formation o f the trideuterated amide [9-D3] via the trideuterated imino-ester
2+ 1 2+ [8 -D3] , as observed by H-NM R (see Scheme 6 ). W e obtained undeuterated [9] as
[9](BPh4)2.MeCN through the analogous reaction in MeCN, followed by addition o f 1 eq. NaBPh4
and partial evaporation o f the solvent. Opaque, colourless crystals o f [9](BPh4)2.CH3CN, suitable
for X-ray diffraction, were obtained by slow cooling o f a hot saturated solution o f [9](BPh4)2 in
CH3CN. The crystal structure o f [9]2+ (Figure 10) confirms the rearrangement o f the N,C-
coordinated 2 -(acetimidoyloxy)ethyl in [8 ]2+ to the 0,C-coordinated 2 -(acetylamino)ethyl in [9]2+.
2+Bond lengths observed for [9] are comparable to those o f other rhodium and iridium amide
complexes.[32]
Selected NM R data for the Rh-CH2CH2-O-C(Me)=NH fragment o f [8 ]2+ and the
Rh-CH2CH2-NH-C(Me)=O fragment o f [9]2+ are summarised in Tables 3 and 4. The observed v C=N
-1 2+ -1 2+(1634 cm- ) for [8 ] and v C=O (1600 cm- ) for [9] are in accordance with their crystal structure. In
1 2+ the H-NOESY spectrum, the acetimidoyl -NH- fragment o f [8 ] shows a clear NOE contact with
the nearby axial protons of the two equivalent N-CH2-Py fragments.
Heating a CD3CN or [D6]-DMSO solution o f an isolated sample o f pure [8 ](BPh4)2.MeOH to 65oC
2+resulted in quantitative rearrangement to [9] within 3.5 hrs. The lack o f incorporation o f CD3CN
2+ 2+upon rearrangement o f [8 ] to [9] in CD3CN demonstrates that the transformation is truly 
intramolecular. Both in CD3CN and [D6]-DMSO the rearrangement was found to be unaffected by 
the presence o f up to 10 mol H2O per mol [8 ]2+, thus showing that iminoester [8 ]2+ and amide [9]2+ 
are both relatively stable towards hydrolysis.
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Figure 10. X-ray structure o f 2-(acetylamino)ethyl) complex [9]2+.
2+ 2+ [31]The overall rearrangement o f intermediate [5a]2+ to [9]2+ is analogous to the Ritter reaction[31]
2+(Scheme 8 , path b). To our best knowledge, the conversion o f Pinner-type product [8 ] to Ritter-
2+type product [9]2+, is an unprecedented example o f rearrangement o f an alkyl-alkanimidate to a 
N-alkyl alkanamide (See Scheme 8 , path c: R ,R ’= Alkyl). Heating o f alkyl-alkanimidates generally 
results in elimination o f alcohols.[33] However, rearrangement o f “ activated” alkyl - 
trichloroacetimidates to N-alkyl trichloroacetamides, catalysed by BF3, has been reported 
(Scheme 8 , path c: R=Alkyl, R ’=CCl3).[34] The mechanism proposed for this reaction involves 
formation o f an alkyl cation - trichloroacetimidate ion-pair (Scheme 9).
Scheme 9. Proposed mechanism for the BF3 catalysed rearrangement o f alkyl- 
trichloroacetimidates to N-alkyl trichloroacetamides.[34]
W e propose that the mechanism for the transformation o f [8 ]2+ to [9]2+ proceeds via the route shown 
in Scheme 10. ß -Elimination o f the acetimidato-group gives an acetamidato-ethene complex which 
then reacts through migratory insertion o f ethene into the Rh-N bond.
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Scheme 10. Proposed mechanism for thermal rearrangement o f [ 8] 2+ to [9]2+
Formation of a C-N bond from an olefin and an amine or amide is a very desirable 
transformation.[35] A catalytic version o f this reaction could be a valuable alternative to classical 
industrial preparations o f amines or amides. However, the few catalytic examples for this reaction 
reported thusfar are either slow or limited in scope (specific substrate or intramolecular reaction).[36] 
Therefore, any new approach to formation o f C-N bonds from olefins is o f great interest. The step­
wise conversion o f ethene complex [1a]+ to a K2-N,C-2-(acetylamino)ethyl complex [9]2+ via 2- 
rhodaoxetane [3a]+ (Scheme 11) is the first example o f amidation o f a coordinated olefin by H 2O2, 
H+ and MeCN.
[1a]+ [9]2+
Scheme 11. Amidation of a coordinated olefin by H2O2, H+ and MeCN.
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3.4 C om parison  of the  1H- and  13C -N M R -data of the  R h-C H 2-C H 2-Y fragm ents
The -Rh-CH2- signals in 1H-NM R and 13C-NMR of the 2-rhodaoxetanes [3a]+ and [3b]+ appear 
significantly upfield compared to signal for the ethyl compounds [2a]-[2c]+. Significant downfield 
shifts are observed for the -Rh-CH2- signals on going from the strained, four-membered 
metallacycle [3a]+ to the open chain 2-hydroxyethyl complex [6a]+ and the 2-methoxyethyl complex 
[7a]+ , or to the six-membered metallacycles [8 ]2+ and [9]2+. Protonation o f [3a]+ and [3b]+ to the 
metallacyclic k2 -O,C-2-hydroxyethyl compounds [4a]2+ and [4b]2+, respectively, results in a 
downfield shift o f the -Rh-CH2- 1H-NM R signal. These shifts could well be related to release of 
ring-strain. The ring-opening o f the 2-rhodaoxetane [3a]+ to open chain compounds [6a]+and [7a]+, 
or ring-expansion to [8 ]2+ and [9]2+ results in a 1 ppm upfield shift o f the -CH2-O- 1H-NM R signal. 
Protonation o f [3a]+ (and [3b]+) without ring-opening results however in a 0.4 ppm downfield shift 
o f -CH2-O-. The 1J ( 103R h,13C) coupling o f -Rh-CH2- in [3a]+ and [3b]+ is significantly smaller than 
those in all other compound in Table 4, perhaps indicating that this low value is related to the ring 
strain present in [3a]+ and [3b]+. The 2/ ( 103R h,13C) coupling o f the -CH2-O- fragment observed for 
[3a]+ and [3b]+ is lost upon dissociation o f the Rh-O bond. The relative small 3/(H ,H ) coupling 
constant between the Rh-CH2- and the -CH2-O groups o f [8 ]2+ (5.6 Hz) and [9]2+ (5.9 Hz) seems to 
be diagnostic for a six-membered metallacycle, in agreement with the value observed for [6a]+ in 
CD2Cl2 (5.3 Hz) for which we proposed formation o f a six-membered ring structure through 
intramolecular H-bonding, see Scheme 4. For [3a]+, [3b]+, [5a]2+, and for (non-cyclic) [6a]+ in more 
polar solvents, the observed 3/(H ,H ) coupling is approx. 7.5 Hz. On the basis o f 3/(H ,H ) one can 
therefore not discriminate between a four membered oxa-metallacycle and the corresponding non- 
cyclic hydroxyethyl complex. W e see no clear relation between the structure o f the compounds and 
the observed 2/ ( 103Rh,H) coupling constants.
9 4 - 9 4 - 1 1 ^
Diagnostic for the conversion o f [8 ] to [9] are the significant up-field shifts in H-NM R and C- 
N M R for -CH2-N- in [9]2+ compared to -CH2-O- in [8 ]2+.
3.5 R eaction of [3a]+ w ith  acetone.
At r.t. in acetone, 2-rhodaoxetane [3a]BPh4 converts in approx. 2 weeks to the new complex [10]+ 
The low 3/(H ,H ) coupling constant between the Rh-CH2- and -CH2-O fragments o f [10]+ similar to 
those o f [8 ]2+ and [9]2+, suggests that [10]+ is a six-membered metallacycle (Scheme 12).
[3a]+
Scheme 12. Reaction of[3a]+ with acetone to proposed complex [10]+. 
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Complex [10]+ seems to be relatively stable in acetone. Attempts to isolate [10]+ and to measure a 
1H-NM R spectrum in another solvent resulted in its decomposition to a mixture o f compounds. 
FAB-Ms spectra obtained from an acetone/m-nitrobenzylalcohol matrix were inconclusive, as 
(TPA)Rh was detected as the highest mass. A 1H-NM R spectrum of a sample o f [10]BPh4, isolated 
from non-deuterated acetone by precipitation with Et2O, in [D6]-acetone, shows a singlet (relative 
integral 6H) at 5= 0.60. This singlet disappears over a period o f 2 days, and a signal o f free M e2CO 
appears in the 1H-NM R spectrum. All other signals o f [10]+ remain unchanged. Apparently, the 
incorporated acetone exchanges for [D6]-acetone.
4. Conclusions
Despite their cationic nature, the five coordinate complexes [“N 4”Rh!(ethene)]+ ([1a]+, “N 4” =TPA; 
[1b]+, “N 4” = MeTPA) are clearly nucleophilic: they react with aqueous HCl to chloro-ethyl 
complexes [2a]-[2c]+. Reaction o f [1a]+ with HCl yields [2a]+ as the only product. Reaction of 
[1b]+ with HCl yields either the symmetric isomer [2b]+ or the asymmetric isomer [2c]+, depending 
on the reaction conditions.
Treatment o f [1a]+ and [1b]+ with aqueous H 2O2 results in fast and selective oxygenation to the
1-oxa-2-rhodacyclobutanes (2-rhodaoxetanes) [3a]+ and [3b]+, respectively. These are the first 
isolated examples o f unsubstituted 2-metallaoxetanes. The observed selective oxidation o f the 
Rh^ethene) complexes to 2-rhodaoxetanes clearly illustrates that 2-metallaoxetanes could well be 
intermediates in various transition metal catalysed oxidation reactions. The four membered 
metallacycles [3a]+ and [3b]+ are inert towards NaBH4 or nucleophiles such as M eO-. However, 
their reactivity is significantly increased upon protonation. The reactivity o f the 2-oxyethyl 
fragments in 2-rhodaoxetane [3a]+ and [3b]+ is mainly determined by a) the nucleophilic character 
o f the 2-rhodaoxetane oxygen, and b) their (subsequent) tendency to eliminate acetaldehyde. The 
nucleophilic character is demonstrated by the reaction of [3a]+ and [3b]+ with H+, converting the k2 - 
Q C -2 -oxyethyl fragment to a K2 -O,C-2-hydroxyethyl fragment in the four membered metallacycles 
[4a]2+ and [4b]2+, respectively. Protonated 2-rhodaoxetane [4a]2+ undergoes ring-opening in the 
presence o f M eCN or chloride anions, yielding [(TPA)Rhm(2-(hydroxyethyl)(MeCN)]2+, [5a]2+, and 
[(TPA)Rhm(2-(hydroxyethyl)(Cl)]+, [6a]+, respectively. Both [5a]2+ and [6a]+ contain a K1-C- 
coordinated 2-hydroxyethyl fragment. Reaction o f [3a]+ with MeI results in formation o f (ring- 
opened) [(TPA)RhIII(2-(methoxyethyl)(I)]+ ([7a]+). Reaction o f 2-rhodaoxetane [3a]+ with 
M eCN/NH4+ results in formation o f metallacyclic amide [(TPA)RhIII(2-(acetylamido)ethyl)]2+, [9]2+ 
via the intermediate metallacyclic iminoester [(TPA)RhIII(2-(acetimidoyl)ethyl)]2+, [8 ]2+. The 
observed conversion o f ethene complex [1a]+ to metallacyclic amide [9]2+, via 2-rhodaoxetane [3a]+ 
provides a new, step-wise, route for amidation o f a RhI(ethene) fragment.
Thermal decomposition o f 2-rhodaoxetane [3a]+ and [3b]+ at 90oC yields acetaldehyde. The 
protonated 2-rhodaoxetanes [4a]2+ (in non-coordinating solvents) and [4b]2+ (in all solvents) 
eliminate acetaldehyde at room temperature. Ethylene-oxide formation was not observed.
As we have demonstrated, 2-metallaoxetanes are readily formed upon oxidation o f a RhI(ethene) 
complex. This suggests that 2-metallaoxetanes could well be intermediates in all kinds o f catalytic 
olefin oxidations. Their role in epoxidation o f olefins however remains doubtful, despite frequent 
proposals.[2]
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5. Experimental section 
General methods
All procedures were performed under N2 using standard schlenk techniques. Solvents (p.a.) were deoxygenated by 
bubbling through a stream of N2 or by the freeze-pump-thaw method. The temperature indication r.t. corresponds to ca. 
20oC.
IR spectra were measured on a Perkin-Elmer 1720X. NMR experiments were carried out on a Bruker DPX200 (200 
MHz and 50 MHz for 1H and 13C respectively), a Bruker AC300 (300 MHz and 75 MHz for 1H and 13C respectively) 
and a Bruker WM400 (400 MHz and 100 MHz for 1H and 13C respectively). Solvent shift reference for 1H-NMR: [D6]- 
acetone 8h = 2.05, CD3CN 8h = 1.98, CD2Cl2 §h = 5.31, [D6]-DMSO §h = 2.50. For 13C-NMR: [D6]-acetone §c = 29.50, 
CD3CN 5c = 1.28, CD2Cl2 5C = 54.20, [D6]-DMSO 5c = 39.50. Abbreviations used are s= singlet, d= doublet, dd= 
doublet of doublets, t= triplet, dt= doublet of triplets, q= quartet, dq= doublet of quartets, m= multiplet and br= broad. 
Elemental analysis (C,H,N) were carried out on a Carlo Erba NCSO-analyser. Mass Spectra (FAB) were recorded on a 
VG 7070 Mass spectrometer or on a JEOL JMS SX/SX102A four sector mass spectrometer.
Compound [{(C2H4)2Rh(|>Cl)}2],[37] and the ligands TPA[38] and MeTPA[39] have been prepared according to literature 
procedures. All other chemicals are commercially available and were used without further purification, unless stated 
otherwise.
X-ray diffraction
For all structures, single crystals were mounted in air on glass fibre. Intensity data were collected on an Enraf-Nonius 
CAD4 diffractometer, using graphite monochromatised Cu-Ka (l. =1.541838 Â) radiation. Intensity data were corrected 
for Lorentz and polarisation effects. Semi-empirical absorption correction (y-scan)[40] was applied. The structures were 
solved by the program system DIRDIF[41] using the program PATTY[42] to locate the heavy atom and were refined with 
standard methods (refinement against F2 of all reflections with SHELXL97[43] with anisotropic parameters for the 
nonhydrogen atoms. Selected bond lengths an angles are summarised in Tables 1 and 2. Other relevant crystal data are 
summarised in Table 5. Drawings were generated with the program PLATON.[44]
[1b]BPh4, [2b]BPh4, [2c]BPh4, [3b]BPh4.1^H2O and [9](BPh4)2.CH3CN: The hydrogen atoms of the methyl groups 
were refined as rigid rotors with idealized sp3 hybridisation and a C-H bond length of 0.97 A to match maximum 
electron density in a difference Fourier map. For [2c]+, the hydrogen atoms attached to C1 were placed at calculated 
positions and were refined riding on the parent atom. The hydrogen atom attached to the nitrogen atom in [9]2+ was 
taken from a difference Fourier map. All other hydrogens were initially placed at calculated positions and were freely 
refined subsequently.
[8] (BPh4) .^MeOH: All hydrogens were placed at calculated positions and refined riding on the parent atoms. In contrast 
to the structure analysis of [9](BPh4)2.CH3CN, the presence of a nitrogen atom at the position of N(5) is not 
unambiguously confirmed by the localisation of an attached proton. However, during refinement it became clear that 
only the presented structure shows acceptable ADP values for N(5) and O(1).
Synthesis 
[1a]PF6, [1a]BF4:
(h 2-ethene)-(K4-N,N,N-tri-(2-pyridylmethyl)amine)-rhodium(I)-hexañuorophosphate/tetrañuoroborate 
100 mg (0.26 mmole) [{(C2H4)2Rh(|>Cl)}2] and 150 mg (0.52 mmole) TPA were stirred in 25 ml MeOH at -78oC for 1 
hour. Subsequently 441 mg (2.4 mmole) KPF6 was added. Partial evaporation of the solvent caused the precipitation of 
[1a]PF6 as a yellow powder, which was filtered and vacuum dried. Yield 200 mg (68%). The same procedure using 
NaBF4 gave [1a]BF4 (yield 71%).
In both the 1H- and 13C-NMR spectra of [1a]+ at 298K, the ethene fragment is observed as two broad singlets. At 263K 
the ethene fragment is observed as two pseudo double triplets in the 1H-NMR spectrum and two doublets in the 13C- 
NMR spectrum. 1H-NMR (500.14 MHz, [D6]-acetone, 263K) 5 = 9.43 (d, 3J(H,H)=4.7 Hz, 1H; Pya-H6), 8.16 (d, 2H, 
3J(H-H)=5.8 Hz, 2H; Pyb-H6), 7.90-7.10 (m, 9H; Py-H4, Py-H5 and Py-H3), 5.69 (d[AB], 2J(H,H)=15.6 Hz, 2H; N- 
CH2-Pyb), 5.02 (d[AB], 2J(H,H)=15.6 Hz, 2H; N-CH2-Pyb), 4.76 (s, 2H; N-CH2-Pya), 2.11 (dt, average J(H,H)=9.5 Hz, 
J(H,Rh?)=1.7 Hz, 2H; C2H4), 1.82 (dt, 3J(H,H)=9.5 Hz, J(Rh,H)=1.7 Hz, 2H; C2H4). 13C{1H}-NMR (125.77 MHz, 
[D6]-acetone, 263K) 5 = 163.9 (Pyb-C2), 159.6 (Pya-C2), 151.9 (Pya-C6), 151.4 (Pyb-C6), 138.1 (Pya-C4), 137.3 (Pyb- 
C4), 125.2 (Pyb-C3), 124.4 (Pya-C3), 123.1 (Pyb-C5), 122.2 (Pya-C5), 69.6 (N-CH2-Pyb), 64.3 (N-CH2-Pya), 27.2 (d, 
J(C,Rh)=18.0 Hz; C=C), 25.0 (d, J(C,Rh)=19.7 Hz; C=C). Fab-Ms (m-Noba/CH3CN): 589 (Na+M+PF6)+, 421 M+, 393 
(M-C2H4)+. Calculated for [1a]PF6, C20H22N4RhPF6: C 42.42, H 3.93, N 9.98; Found: C 40.54, H 3.60, N 9.70. 
Calculated for [1a]BF4, C20H22N4RhBF4: C 47.28, H 4.36, N 11.03; Found: C 47.25, H 4.46, N 10.80.
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[1b]BPh4 [2b]BPh4 [2c]BPh4 [3b]BPh4.1^H2O [6a]BPh4.MeOH [8](BPh4)2.MeOH [9](BPh4)2.MeCN
Empirical formula C45H44N4BRh C45H45N4BClRh C45H45N4BClRh C45H44N4O2,/2BRh C45H47N4O2BClRh C71H70N5O2B2Rh C72H69N6OB2Rh
Crystal size [mm] 0.25x0.13x0.06 0.56x0.34x0.12 0.36x0.25x0.13 0.56x0.34x0.18 0.46x0.36x0.29 0.38x0.09x0.06 0.27x0.18x0.10
Formula weight 754.56 791.02 981.02 794.56 825.04 1149.85 1158.86
T [K] 208(2) 208(2) 208(2) 173(2) 208(2) 208(2) 293(2)
Crystal system Triclinic Orthorhombic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P-1 Pbc2j P21/c P-1 P21/c C2/c C2/c
Unitcell dim. from N refl. 23 10 24 10 8 16 15
a [Â] 9.843(4) 10.6840(16) 14.4306(5) 9.3022(3) 13.86(2) 37.334(7) 28.270(2)
b [Â] 11.52(2) 18.960(5) 9.8390(6) 11.8120(2) 10.155(9) 12.8324(18) 23.0952(14)
c [Â] 16.87(2) 37.402(7) 27.5464(13) 18.3852(4) 28.752(4) 24.767(5) 21.520(2)
a  [°] 88.54(12) 90 90 78.781(5) 90 90 90
ß [°] 76.60(12) 90 94.757(4) 88.275(3) 95.56(3) 97.37(2) 119.793(6)
y [°] 82.15(10) 90 90 85.428(3) 90 90 90
V [Â3] 1843(4) 7577(3) 3897.6(3) 1974.99(8) 4029(7) 11767(4) 12192.9(16)
p calcd. [gcm-3] 1.360 1.387 1.348 1.336 1.360 1.298 1.263
Z 2 8 4 2 4 8 8
Diffractometer (scan) Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius
CAD4 (0-20) CAD4 (rn) CAD4 (0-20) CAD4 (0-20) CAD4 (0-20) CAD4 (rn) CAD4 (0-20)
Radiation Cu-Ka Cu-Ka Cu-Ka Cu-Ka Cu-Ka Cu-Ka Cu-Ka
Wavelength [Â] 1.54184 1.54184 1.54184 1.54184 1.54184 1.54184 1.54184
F(000) 784 3280 1640 824 1712 4816 4848
0 range [°] 3.88 to 70.27 4.66 to 69.98 3.07 to 69.97 3.83 to 70.03 3.09 to 70.09 4.00 to 55.24 2.88 to 69.96
Index ranges -11 < h < 0 -13 < h < 0 -17 < h < 17 0 < h < 11 -16 < h < 0 -39 < h < 39 -34 < h < 29
-14 < k < 13 -23 < k < 0 -11 < k < 0 -14 < k < 14 0 < k < 12 -13 < k < 0 -0 < k < 28
-20 < l < 19 0 < l < 45 -33 < l < 0 -22 < l < 22 -34 < l < 35 0 < l < 26 -0 < l < 26
Measured reflections 7404 7281 7520 7987 7956 7588 11863
Unique reflections 6970 7281 7353 7492 7625 7374 11535
Observed refl. [Io > 2o (Io)] 5417 6107 6269 6908 6027 2886 6778
Refined parameters 462 941 619 727 473 732 993
Goodness-of-fit on F2 1.054 1.077 1.057 1.076 1.093 1.020 1.041
R [Io > 2o (Io)] 0.0855 0.1040 0.0501 0.0566 0.0992 0.0877 0.0552
wR2[all data] 0.2373 0.3380 0.1330 0.1786 0.2774 0.1794 0.1255
p fm (max/min) [e. Â-3] 3.403 / -3.786 4.011 / -3.573 0.712 / -2.140 2.203 / -0.588 1.959 / -2.072 0.456 / -0.464 0.587 / -0.621
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[1b]BPh4:
(h 2-ethene)-(K4-N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-tetraphenylborate 
200 mg (0.51 mmole) [{(C2H4)2Rh(|>Cl)}2] and 320 mg (1.05 mmole) MeiTPA were added to 25 ml MeOH at -78oC, 
and stirred for 1 hour. Any undissolved material was removed by filtration. 360 mg (1.06 mmole) NaBPh4 in 7 ml 
MeOH was added to the solution, causing the precipitation of a yellow solid, which was collected by filtration. Crystals 
suitable for X-ray diffraction were obtained by slow crystallisation for a saturated solution of [1b]BPh4 in acetone at 
-20oC. Yield 623 mg (81%).
1H-NMR (200.13 MHz, CD2Cl2, 298K) 5 = 7.86 (d, 3J(H,H)=5.3 Hz, 2H; Pya-H6), 7.55-6.65 (m, 9H; Py-H4, Py-H5 
and Py-H3), 7.37 (m, 8H; BAr-H2), 7.02 (t, 3J(H,H)=7.4 Hz, 8H; BAr-H3), 6.87 (t, 3J(H,H)=7.4 Hz, 4H; BAr-H4), 5.07 
(d[AB], 2J(H,H)=15.3 Hz, 2H; N-CH2-Pyb), 4.23 (d[AB], 2J(H,H)=15.3 Hz, 2H; N-CH2-Pyb), 4.11 (s, 2H; N-CH2-Pya), 
3.33 (s, 3H; Pya-CH3), 2.07 (s, broad, 2H; C2H4), 1.94 (s, broad, 2H; C2H4).
13C{1H}-NMR (125.77 MHz, CD2Cl2, 298K) 5 = 164.8 (q, 1J(C,B)=49.5 Hz; BAr-C1), 163.3 (Pyb-C2), 161.2 (Pya-C2),
158.0 (Pya-C6), 151.3 (Pyb-C6), 138.3 (Pya-C4), 137.3 (Pyb-C4), 136.8 (BAr-C2), 126.5 (q, 3J(C,B)=2.8 Hz; BAr-C3),
125.3 (Pyb-C3), 124.4 (Pya-C3), 123.1 (Pyb-C5), 122.7 (BAr-C4), 119.2 (Pya-C5), 69.8 (N-CH2-Pyb), 65.3 (N-CH2-Pya),
30.6 (s, broad; C=C), 29.1 (Pya-CH3), 26.3 (s, broad; C=C).
Fab-Ms (m-Noba/ CH3CN): 435 M+, 407 (M-C2H4)+. Calculated for C45H44N4BRh: C 71.63, H 5.88, N 7.42; Found: 
C 71.15, H 5.93, N 7.42.
[2a]PF6:
(ethyl)-(chloro)-(K4-N,N,N-tri(2-pyridylmethyl)amine)-rhodium(III)-hexañuorophosphate
150 mg (0.38 mmole) [{(C2H4)2Rh(|>Cl)}2] and 320 mg (1.1 mmole) TPA were added to 40 ml MeOH at -78oC., and 
stirred for 1 hour. 0.4 ml of a 30% aqueous solution HCl was added and the solution was allowed to slowly warm up to 
-10oC (within 2 hours). Any undissolved material was removed by filtration. 740 mg (4.40 mmole) NaPF6 in 7 ml 
MeOH was added to the solution, causing the precipitation of a light yellow solid, which was collected by filtration. 
Yield 325 mg (71%)
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 9.40 (d, 1H, 3J(H,H)= 4.7 Hz, Pya-H6), 8.89 (d, 2H, 3J(H,H)= 5.6 Hz, 
Pyb-H6), 8.0-7.37 (m, 9H, Py-H4, Py-H5 and Py-H3), 5.40 (d[AB], 2H, 3J(H,H)=16.2 Hz, N-CH-Py), 5.07 (s, 2H, N- 
CH2-Pya), 5.03 (dd[AB], 2H, 3J(H,H)=16.2 Hz, 3J(Rh,H)=1.5 Hz, N-CH2-Pyb), 2.71 (dq, 2H, 3J(H,H)= 7.4 Hz, 2J(Rh- 
H)= 2.7 Hz, Rh-CH2CH3), 0.61 (t, 3H, 3J(H,H)= 7.4 Hz, Rh-CH2CH3).
13C{1H}-NMR (50.33 MHz, [D6]-acetone, 298K) 5 = 162.9 (Pyb-C2), 158.0 (Pya-C2), 151.4 (Pyb-C6), 149.0 (Pya-C6),
139.2 (Pyb-C4), 139.0 (Pya-C4), 125.7 (Pyb-C3), 125.1 (Pya-C3), 123.8 (Pyb-C5), 121.4 (Pya-C5), 72.2 (N-CH2-Pya),
69.3 (N-CH2-Pyb), 16.9 (Rh-CH2CH3), 15.4 (d, 1J(C,Rh)= 21.9 Hz, Rh-CHCH3).
Fab-Ms (m-Noba/CH3CN) : 457 [M-PF6]+, 428 [M-CH2CH3-PF6]+, 393 [M-CH2CH3-PF6-Cl]+. Calculated for [2a]+, 
(C20H23N4RhCl): m/z= 457.0683; Found: m/z= 457.0666 (A= 1.7 ppm).
[2b]BPh4:
(ethyl)-(chloro)-(K4-N-[(6-methyl-2-pyrìdyl)methyl]-N,N-di(2-pyrìdylmethyl)amme)-rhodwm(III)-tetraphenylborate 
100 mg (0.26 mmole) [{(C2H4)2Rh(|>Cl)}2] and 160 mg (0.53 mmole) Me1TPA were added to 25 ml MeOH at -78oC, 
and stirred for 1 hour. 0.4 ml of a 30% aqueous solution HCl was added and the solution was allowed to slowly warm up 
to -10oC (within approx. 2 hours). Any undissolved material was removed by filtration. 360 mg (1.06 mmole) NaBPh4 in 
7 ml MeOH was added to the solution, causing the precipitation of a light yellow solid, which was collected by 
filtration. After recrystalisation from a saturated CH3CN solution, pure [2b]BPh4 was obtained as bright yellow crystals, 
suitable for X-ray diffraction. Yield 244 mg (60%)
1H-NMR (200.13 MHz, CD2Cl2, 298K) 5 = 8.80 (d, 2H, 3J(H,H)= 5.9 Hz, Pyb-H6), 7.8-6.6 (m, 9H, Py-H4, Py-H5 and 
Py-H3), 7.46 (m, 8H, BAr-H2), 7.05 (t, 8H, 3J(H,H)= 7.3 Hz, BAr-H3), 6.89 (t, 4H, 3J(H,H)= 7.3 Hz, BAr-H4), 4.09 
(d[AB], 2H, 3J(H,H)=16.2 Hz, N-CH2-Pyb), 3.59 (s, 2H, N-CH2-Pya), 3.36 (dd[AB], 2H, 3J(H,H)=16.2 Hz, 
3J(Rh,H)=1.5 Hz, N-CH2-Pyb), 3.02 (s, 3H, Pya-CH3), 2.71 (dq, 2H, 3J(H-H)= 7.4 Hz, 2J(Rh,H)= 2.7 Hz, Rh-CHCH3), 
0.36 (t, 3H, 3J(H,H)= 7.4 Hz, Rh-CH2CH3).
13C{1H}-NMR (50.33 MHz, CD2Cl2, 298K) 5 = 164.9 (q, 1J(C,B)=49.5 Hz; BAr-C1), 164.3 (Pya-C2), 162.5 (Pyb-C2),
154.9 (Pya-C6), 152.3 (Pyb-C6), 139.3 (Pyb-C4), 139.0 (Pya-C4), 136.8 (BAr-C2), 126.7 (q, 3J(C,B)=2.8 Hz; BAr-C3,
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Pya-C3), 125.7 (Pyb-C3), 123.6 (Pyb-C5), 122.9 (BAr-C4), 119.8 (Pya-C5), 71.4 (N-CH-Pya), 67.7 (N-CHr Pyb), 26.3 
(Pya-CH3), 20.9 (d, 1J(C,Rh)= 23.6 Hz, Rh-CH2CH3), 17.8 (Rh-CH2CH3).
Fab-Ms (m-Noba/CH3CN): 471 [M-BPh4]+, 428 [M-CH2CH3-BPh4]+, 407 [M-CH2CH3-BPh4-Cl]+. Calculated for 
[2b]BPh4, (C45H45N4RhClB): C 68.33, H 5.73, N 7.08; Found: C 68.65, H 5.34, N 7.09.
[2c]BPh4:
(ethyl)-(chloro)-(K -N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridylmethyl)amine)-rhodium(III)-tetraphenylborate 
200 mg (0.51 mmole) [{(C2H4)2Rh(|>Cl)}2] and 320 mg (1.05 mmole) Me1TPA were added to 25 ml MeOH at -78oC, 
and stirred for 1 hour. 0.1 ml of a 30% aqueous solution HCl was added and the solution was allowed to warm up to r.t. 
(within 30 min) by removing the acetone/CO2 bath. Any undissolved material was removed by filtration. 640 mg (1.87 
mmole) NaBPh4 in 7 ml MeOH was added to the solution, causing the precipitation of an orange solid, which was 
collected by filtration. After recrystalisation from a saturated CH3CN solution, pure [2c]BPh4 was obtained as bright 
orange crystals, suitable for X-ray diffraction. Yield 510 mg (63%)
1H-NMR (200.13 MHz, CD2Cl2, 298K) 5 = 9.35 (d, 1H, 3J(H,H) = 5.3 Hz, Pya-H6), 8.88 (d, 1H, 3J(H,H)= 5.9 Hz, Pyb- 
H6), 7.8-6.8 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.46 (m, 8H, BAr-H2), 7.05 (t, 8H, 3J(H,H)= 7.3 Hz, BAr-H3), 6.89 
(t, 4H, 3J(H,H)= 7.3 Hz, BAr-H4), 4.40 (d[AB], 1H, 3J(H,H)=15.6 Hz, N-CH2-Py), 4.13 (d[AB], 1H, 3J(H,H)=16.5 Hz, 
N-CH-Py), 3.76 (d[AB], 1H, 3J(H,H)=17.3 Hz, N-CH-Py), 3.60 (d[AB], 1H, 3J(H,H)=17.3 Hz, N-CH-Py), 3.52 
(d[AB], 1H, 3J(H,H)=15.6 Hz, N-CH-Py), 3.32 (d[AB], 1H, 3J(H,H)=16.5 Hz, N-CH2-Py), 2.85 (s, 3H, Pyc-CH3), 2.79 
(m, 1H, Rh-CHaHbCH3), 2.56 (m, 1H, Rh-CHaHbCH3), 0.56 (t, 3H, 3J(H,H)= 7.4 Hz, Rh-CH2CH3).
13C{1H}-NMR (50.33 MHz, CD2Cl2, 298K) 5 = 164.9 (q, 1J(C,B)=49.5 Hz; BAr-C1), 166.5, 162.3, 161.5 (Pya-C2, Pyb- 
C2, PyC-C2), 156.9 (Pyc-C6), 151.0, 150.0 (Pya-C6, Pyb-C6), 139.4, 139.2, 139.0 (Pya-C4, Pyb-C4, Pyc-C4), 136.8 
(BAr-C2), 126.7 (q, 3J(C,B)=2.8 Hz; BAr-C3), 127.3, 125.6, 125.3 (Pya-C3, Pyb-C3, Pyc-C3), 122.9 (BAr-C4), 122.7, 
121.9, 121.0 (Pya-C5, Pyb-C5, Pyc-C5), 71.4 (N-CH2-Py), 69.6 (N-CH2-Py), 69.0 (N-CH2-Py), 28.3 (Pya-CH3), 17.8 
(Rh-CH2CH3), 17.5 (d, 1J(C,Rh)= 20.4 Hz, Rh-CHCH3).
Fab-Ms (m-Noba/CH3CN): 471 [M-BPh4]+, 428 [M-CH2CH3-BPh4]+, 407 [M-CH2CH3-BPh4-Cl]+. Calculated for 
[2c]BPh4, (C45H45N4RhClB): C 68.33, H 5.73, N 7.08; Found: C 68.19, H 5.27, N 7.06.
[3a]PF6, [3a]BPh4:
( k!-O,C-2-oxyethyl)-(K4-N,N,N-tri(2-pyridylmethyl)amine)-rhodium(III)-hexaflourophosphate/tetraphenylborate 
50 mg (0.088 mmole) [1a]PF6 was dissolved in 5 ml MeOH and 0.1 ml 35% aqueous H2O2 solution was added. The 
solution was stirred at -10oC for 1 hour. Addition of Et2O caused the precipitation of [3a]PF6 as a pale-yellow powder, 
which was filtered, washed with Et2O, and vacuum dried. Yield 51 mg (0.088 mmole) (100%).
[3a](BPh4) was obtained by in situ oxidation of [1a]Cl: 100 mg (0.25 mmole) [{(C2H4)2Rh(|>Cl)}2] and 150 mg (0.52 
mmole) TPA were stirred in 25 ml MeOH at -78oC for 1 hour. 0.12 ml of a 35% aqueous solution H2O2 was added and 
the solution was allowed to slowly warm up to r.t. Any undissolved material was removed by filtration. 180 mg (0.53 
mmole) NaBPh4 in 7 ml MeOH was added to the solution, causing the precipitation of a light yellow solid, which was 
collected by filtration. Yield 240 mg (60%)
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 9.03 (d, 3J(H,H)=5.7 Hz, 2H; Pyb-H6), 8.70 (d, 3J(H,H)=5.5 Hz, 1H; 
Pya-H6), 8.10-7.20 (m, 9H; Py-H4, Py-H5 and Py-H3), 5.32 (d[AB], 2J(H,H)=15.4 Hz, 2H; N-CH2-Pyb), 5.13 (d[AB], 
2J(H,H)=15.4 Hz, 2H; N-CH2-Pyb), 5.04 (s, 2H; N-CH2-Pya), 4.97 (t, 3J(H,H)=7.5 Hz, 2H; Rh-CH2CHO-), 2.90 (s, 
~3H; H2O), 2.35 (dt, 3J(H,H)=7.5 Hz, 2J(H,Rh)=2.5 Hz, 2H; Rh-CH¿CH2O-).
13C{1H}-NMR (50.33 MHz, [D6]-acetone, 298K) 5 = 165.4 (Pyb-C2), 162.6 (Pya-C2), 151.9 (Pyb-C6), 150.9 (Pya-C6),
139.4 (Pyb-C4), 138.4(Pya-C4), 125.9 (Pyb-C3), 125.1 (Pya-C3), 124.6 (Pyb-C5), 122.2 (Pya-C5), 78.8 (d, 2J(Rh,C)=4.0 
Hz; Rh-CH2CH¿O-), 66.8 (N-CH2-Pyb), 64.7 (N-CH2-Pya), 1.3 (d, 1J(C,Rh)=18.4 Hz; Rh-CH2CH2O-). Fab-Ms (m- 
Noba/CH3CN): 437 M+, 393 (M-CH2CH2O)+. [3a]+ appears to co-precipitate with H2O: Calculated for [3a]PF6.1^H2O, 
C20H25N4O2.5RhPF6: C 39.42, H 4.14, N 9.20; Found: C 38.60, H 3.62, N 9.41, calculated for [3a](BPh4).1^H2O, 
C44H45N4O2.5RhB: C 67.44, H 5.79, N 7.15; Found: C 67.15, H 5.43, N 7.04.
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[3b]BPh4:
(k!-O,C-2-oxyethyl)-(K4-N-[(6-methyl-2-pyridyl)methyl]-N,N-di(2-pyridylmethyl)amine)-rhodium(III)-tetraphenylborate 
200 mg (0.51 mmole) [{(C2H4)2Rh(|>Cl)}2] and 320 mg (1.05 mmole) Me1TPA were added to 25 ml MeOH at -78oC, 
and stirred for 1 hour. 0.2 ml of a 35% aqueous solution H2O2 was added and the solution was allowed to slowly warm 
up to r.t. Any undissolved material was removed by filtration. 360 mg (1.06 mmole) NaBPh4 in 7 ml MeOH was added 
to the solution, causing the precipitation of a light yellow solid, which was collected by filtration. After recrystalisation 
from dichloromethane/hexane, pure [3b]BPh4.11/;>H2O was obtained as bright yellow crystals, suitable for X-ray 
diffraction. Yield 654 mg (64%)
1H-NMR (200.13 MHz, CD2Cl2, 298K) 5 = 8.77 (d, 3J(H,H)=5.6 Hz, 2H; Pya-H6), 7.80-6.50 (m, 9H; Py-H4, Py-H5 
and Py-H3), 7.36 (m, 8H; BAr-H2, 7.01 (t,3J(H,H)=7.4 Hz, 8H; BAr-H3), 6.86 (t, 3J(H,H)=7.4 Hz, 4H; BAr-H4), 4.81 
(d[AB], 2J(H,H)=15.3 Hz, 2H; N-CH2-Pyb), 4.80 (t, 3J(H,H)=7.6 Hz, 2H; Rh-CH2CHO-), 4.29 (d[AB], 2J(H,H)=15.3 
Hz, 2H; N-CH2-Pyb), 4.10 (s, 2H; N-CH2-Pya), 2.83 (s, 3H; Pya-CH3), 2.35 (dt,3J(H,H)=7.6 Hz, 2J(H,Rh)=2.6 Hz, 2H, 
Rh-CHCH2O-), 2.05 (s, ~3H; H2O). 13C{1H}-NMR (75.47 MHz, CD2Cl2, 298K) 5 = 164.7 (q, 1J(C,B)=48.6 Hz; BAr- 
C1), 164.5 (Pyb-C2), 164.2 (Pya-C2), 161.6 (Pya-C6), 152.5 (Pyb-C6), 139.5 (Pyb-C4), 138.5(Pya-C4), 136.8 (BAr-C2),
125.8 (q, 3J(C,B)=2.8 Hz; BAr-C3), 126.2 (Pyb-C3), 125.8 (Pya-C3), 124.6 (Pyb-C5), 122.8 (BAr-C4), 119.6 (Pya-C5),
80.6 (d, 2J(Rh,C)=4.2 Hz; Rh-CH2CH¿O-), 66.6 (N-CH2-Pyb), 65.5 (N-CH2-Pya), 26.7 (Pya-CH3), 2.5 (d, 1J(C,Rh)=18.0 
Hz; Rh-CHCH2O-). Fab-Ms (m-Noba/ CH2Cl2): 451 M+, 407 (M-CH2CH2O)+. Calculated for [3b]BPh4.1/H 2O, 
C45H47N4BO2.5Rh: C 67.76, H 5.94, N 7.02; Found: C 66.96, H 5.81, N 6.94.
[6a]BPh4:
(k1 -C-2-hydroxyethyl)-(chloro)-(K4-N,N,N-tri(2-pyridylmethyl)amine)-rhodium(III)-tetraphenylborate 
100 mg (0.13 mmole) [3a]BPh4 was dissolved in 15 ml acetone and 100 mg (1.89 mmole) NH4Cl was added. The 
solution was placed in an ultrasonic bath for 15 min., and was stirred for 45 min. at r.t. Subsequently the solvent was 
partially evaporated under vacuum to a volume of about 3 ml. The solution was carefully top-layered with approx. 10 ml 
MeOH. resulting in slow crystallisation of [6a]BPh4.MeOH as bright-yellow crystals. Yield 95 mg (87%).
1H-NMR (300.13 MHz, [D6]-DMSO, 298K) 5 = 8.80 (d, 1H, 3J(H,H) = 5.9 Hz, Pya-H6), 8.56 (d, 2H, 3J(H,H) = 5.6 Hz, 
Pyb-H6), 8.0-7.1 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.20 (m, 8H, BAr-H2), 6.93 (t, 8H, 3J(H,H)= 7.3 Hz, BAr-H3), 
6.82 (t, 4H, 3J(H,H)= 7.3 Hz, BAr-H4), 5.51 (d[AB], 2H, 3J(H,H)=15.5 Hz, N-CH2-Pyb), 5.04 (s, 2H, N-CH2-Pya), 5.02 
(d[AB], 2H, 3J(H,H)=15.5 Hz, N-CH2-Pyb), 4.41 (t, 1H, 3J(H,H)= 5.4 Hz, Rh-CH2CH2OH), 4.13 (q, 1H, 4.4 Hz, 
CH3OH), 3.96 (dt, 2H, 3J(H,H)= 8.2 Hz, 3J(H,H)= 5.4 Hz, Rh-CH2CHOH), 3.18 (d, 3H, 3J(H,H)=4.4 Hz, CH3OH), 
3.13 (dt, 2H, 3J(H,H)= 8.2 Hz, 2J(H,Rh)= 2.6 Hz, Rh-CHCH2OH).
13C{1H}-NMR (75.47 MHz, [D6]-DMSO, 298K) 5 = 165.0 (Pyb-C2), 164.2 (Pya-C2),
163.4 (q, 1J(C,B)=48.5 Hz; BAr-C1), 150.6 (Pyb-C6), 149.2 (Pya-C6), 139.2 (Pyb-C4), 138.8(Pya-C4), 135.5 (BAr-C2),
125.3 (q, 3J(C,B)=2.8 Hz; BAr-C3), 125.1 (Pya-C3), 124.3 (Pyb-C3), 122.1 (Pya-C5), 121.5 (BAr-C4, Pyb-C5), 65.9 (N- 
CH2-Pyb), 65.0 (N-CH2-Pya), 64.6 (Rh-CH2CH¿OH), 34.4 (d, 1J(C,Rh)= 25.0 Hz, Rh-CH£H 2OH).
Fab-Ms (m-Noba/CH3CN): 473 [M-BPh4]+, 428 [M-CH2CH2O-BPh4]+, 393 [M-CH2CH2O-BPh4-Cl]+. Calculated for 
[6a]BPh4.CH3OH, (C44H43N4OBRhCl): C 65.51, H 5.74, N 6.79; Found: C 65.50, H 6.12, N 6.45.
[7a]BPh4:
(k1 -C-2-methoxyethyl)-(iodo)-(K4-N,N,N-trì(2-pyrìdylmethyl)amme)-rhodium(III)-tetraphenylborate 
60 mg (0.08 mmole) [3a]BPh4 was dissolved in 10 ml CH2Cl2. The solution was cooled to -80oC, and 2 ml MeI (cooled 
to -80oC) was added. The resulting pale yellow solution was allowed to warm up to r.t. and was stirred for an hour, 
during which the colour of the solution gradually changed to bright orange. Subsequently, the solvent was completely 
evaporated. Bright orange crystals of [7a]BPh4 were obtained from the crude product by slow, partial solvent 
evaporation from a saturated CH3CN solution. Yield 55 mg (77%).
1H-NMR (300.13 MHz, CD2Cl2, 298K) 5 = 8.94 (d, 1H, 3J(H,H) = 5.9 Hz, Pya-H6), 8.31 (d, 2H, 3J(H,H) = 6.2 Hz, Pyb- 
H6), 7.70-6.60 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.41 (m, 8H, BAr-H2), 7.01 (t, 8H, 3J(H,H)= 7.3 Hz, BAr-H3), 6.87 
(t, 4H, 3J(H,H)= 7.3 Hz, BAr-H4), 5.59 (d[AB], 2H, 3J(H,H)=15.5 Hz, N-CH2-Pyb), 4.34 (d[AB], 2H, 3J(H,H)=15.5 Hz, 
N-CH2-Pyb), 4.08 (t, 2H, 3J(H,H)= 6.3 Hz, Rh-CH2CH¿O-), 4.02 (s, 2H, N-CH2-Pya), 3.55 (s, 3H, -OCH3), 3.28 (dt, 2H, 
3J(H,H)= 6.3 Hz, 2J(H,Rh)= 2.9 Hz, Rh-CH2CH2O-).
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13C{1H}-NMR (75.47 MHz, CD2Cl2, 298K) 5 = 165.1 (Pyb-C2), 163.7 (q, 1J(C,B)=48.5 Hz; BAr-C1), 163.3 (Pya-C2),
152.2 (Pyb-C6), 149.9 (Pya-C6), 139.7 (Pyb-C4), 139.4 (Pya-C4), 136.8 (BAr-C2), 126.6 (q, 3J(C,B)=2.8 Hz; BAr-C3),
126.1 (Pyb-C3), 125.8 (Pya-C3), 124.6 (Pyb-C5), 122.9 (BAr-C4, Pya-C5), 79.8 (Rh-CH2CHO-), 68.1 (N-CH2-Pyb),
64.4 (N-CH2-Pya), 58.7 (-OCH3), 26.3 (d, 1J(C,Rh)= 25.0 Hz, Rh-CH2CH2O-).
Fab-Ms (m-Noba/CH3CN) : 579 [M-BPh4]+, 521 [M-CH2CH2OMe-BPh4+H]+, 393 [M-CH2CH2OMe-BPhrI]+. 
Calculated for [7a]BPh4, (C45H45N4OIBRh): C 60.16, H 5.05, N 6.24; Found: C 60.39, H 5.19, N 6.55.
[8](BPh4)2:
((f-N,C-2-(acetimidoyloxy)ethyl)-(N,N,N-tri(2-pyridylmethyl)amine)rhodium(III)-bis-tetraphenylborate;
100 mg (0.13 mmole) [3a]BPh4 was dissolved in 10 ml CH3CN and 25 mg (0.15 mmole) NH4PF6 was added. The 
solution was stirred at r.t. for 4 hours. Subsequently 45 mg (0.13 mmole) NaBPh4 dissolved in 5 ml CH3CN was added, 
and the solvent was partially evaporated under vacuum to a volume of about 5 ml. The product was precipitated as a 
white powder by adding about 10 ml MeOH. Yield 131 mg (88%).
1H-NMR (200.13 MHz, CD3CN, 298K) 5 = 8.70 (d, 1H, 3J(H,H)= 5.6 Hz, Pya-H6), 8.32 (d, 2H, 3J(H,H) = 5.9 Hz, Pyb- 
H6), 8.0-6.8 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.31 (m, 8H, BAr-H2), 7.03 (t, 8H, 3J(H,H)= 7.3 Hz, BAr-H3), 6.87 
(t, 4H, 3J(H,H)= 7.3 Hz, BAr-H4), 5.48 (d[AB], 2H, 3J(H,H)=16.8 Hz, N-CH2-Pyb), 5.08 (d[AB], 2H, 3J(H,H)=16.8 Hz, 
N-CH2-Pyb), 4.84 (s, 2H, N-CH2-Pya), 4.26 (t, 2H, 3J(H,H)= 5.6 Hz, Rh-CH2CH¿O-), 3.38 (dt, 2H, 3J(H,H)= 5.6 Hz, 
2J(H,Rh)= 2.7 Hz, Rh-CH¿CH2O-), 2.11 (s, 3H, -O-C(CH3)=N). The 1H-NMR spectrum in [D6]-DMSO shows an 
additional signal at 5= 8.35 (s, broad, 1H, -O-C(CH3)=NH-).
13C{1H}-NMR (50.33 MHz, [D6]-DMSO, 298K) 5 = 179.5 (-O-C(CH3)=N), 164.3 (Pyb-C2), 163.2 (Pya-C2), 163.4 (q, 
1J(C,B)=48.6 Hz; BAr-C1), 150.2 (Pyb-C6), 148.8 (Pya-C6), 140.1 (Pyb-C4), 139.5 (Pya-C4), 135.6 (BAr-C2), 126.0 
(Pyb-C3), 125.3 (q, 3J(C,B)=2.8 Hz; BAr-C3, Pya-C3), 124.9 (Pyb-C5), 122.3 (Pya-C5), 121.6 (BAr-C4) 71.8 (Rh- 
CH2CHO-), 65.6 (N-CH2-Pya), 64.9 (N-CH2-Pyb), 28.4 (d, 1J(C,Rh)= 26.4 Hz, Rh-CH¿CH2O-), 21.6 (-O-C(CH3)=N). 
FT-IR (KBr) (cm-1): 3605 (m), 3509 (m), 3275 (m), 1634 (s, C=N).
Fab-Ms (m-Noba/CH3CN): 798 [M-BPh4]+, 478 [M-H-(BPh4)2]+, 393 [M- (CH2CH2O-C(CH3)=NH-)-(BPh4)2+H]+. Fab- 
Ms (m-Noba/CH3CN) from a sample prepared from a CD3CN solution: 801 [M-BPh4]+, 481 [M-H-(BPh4)2]+, 393 [M- 
(CH2CH2O-C(CD3)=NH-)-(BPh4)2+H]+.
Calculated for [8](BPh4)2.CH3OH, (C71H70N5O2B2Rh): C 74.16, H 6.14, N 6.09; Found: C 73.50, H 6.32, N 6.02.
[9](BPh4)2:
((f-O,C-2-(acetylamino)ethyl)-(N,N,N-tri(2-pyridylmethyl)amine)-rhodium(III)-bis-tetraphenylborate 
100 mg (0.13 mmole) [3a]BPh4 was dissolved in 10 ml CH3CN and 45 mg (0.28 mmole) NH4PF6 was added. The 
solution was heated to 65oC for 4 hours. Subsequently 90 mg (0.26 mmole) NaBPh4 dissolved in 5 ml CH3CN was 
added, and the solvent was partially evaporated under vacuum to a volume of about 3 ml. The solution was left standing 
resulting in slow crystallisation of [9](BPh4)2.CH3CN as transparent/white crystals, suitable for X-ray diffraction. Yield 
107 mg (71%).
1H-NMR (200.13 MHz, CD3CN, 298K) 5 = 8.59 (d, 1H, 3J(H,H) = 6.2 Hz, Pya-H6), 8.43 (d, 2H, 3J(H,H) = 5.9 Hz, Pyb- 
H6), 8.0-6.8 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.31 (m, 8H, BAr-H2), 7.03 (t, 8H, 3J(H,H)= 7.3 Hz, BAr-H3), 6.87 
(t, 4H, 3J(H,H)= 7.3 Hz, BAr-H4), 5.45 (d[AB], 2H, 3J(H,H)=15.9 Hz, N-CH2-Pyb), 5.07 (d[AB], 2H, 3J(H,H)=15.9 Hz, 
N-CH2-Pyb), 4.94 (s, 2H, N-CH2-Pya), 3.47 (dt, 2H, 3J(H,H)= 5.9 Hz, 3J(Rh,H)= 2.4 Hz, Rh-CH2CH2NH-), 3.23 (t, 2H, 
3J(H,H)= 5.9 Hz, Rh-CH2CH2NH-), 1.80 (s, 3H, NH-C(CH3)=O-). The 1H-NMR spectrum in [D6]-DMSO shows an 
additional signal at 5= 9.81 (s, broad, 1H, NH-).
13C{1H}-NMR (50.33 MHz, [D6]-DMSO, 298K) 5= 178.8 (NH-C(CH3)=O-), 164.9 (Pyb-C2), 164.3 (Pya-C2), 163.4 (q, 
1J(C,B)=48.6 Hz; BAr-C1), 150.7 (Pya-C6), 150.4 (Pyb-C6), 140.3 (Pyb-C4), 139.4 (Pya-C4), 135.6 (BAr-C2), 125.9 
(Pyb-C3), 125.3 (q, 3J(C,B)=2.8 Hz; BAr-C3, Pya-C3), 124.8 (Pyb-C5), 122.5 (Pya-C5), 121.6 (BAr-C4) 118.1 (free 
CH3CN), 65.4 (N-CH2-Pyb), 63.9 (N-CH2-Pya), 41.5 (Rh-CH2CH2NH-), 33.3 (d, 1J(C,Rh)= 27.7 Hz, Rh-CH2CH2NH-),
21.5 (NH-C(CH3)=O-), 1.2 (free CH3CN).
FT-IR (KBr) (cm-1): 3307 (s, NH), 1600 (s, C=N).
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Fab-Ms (m-Noba/CH3CN): 798 [M-BPh4]+, 478 [M-H-(BPh4)2]+, 393 [M- (CH2CH2NH-C(CH3)=O-)-(BPh4)2+H]+. 
Calculated for [9](BPh4)2.CH3CN, (C72H69N6ORhB2): C 74.62, H 6.00, N 7.25; Found: C 74.68, H 6.50, N 7.21.
[10]BPh4:
(k2-O,C- 2-(l-methoxy-l-methylethoxy)ethyl)-(N,N,N-tri(2-pyridylmethyl)amine)rhodium(III)-bis-tetraphenylborate;
100 mg (0.13 mmole) [3a]BPh4 was dissolved in 10 ml acetone. The solution was stirred at r.t. for 7 days. The product 
was precipitated as a white powder by adding about 50 ml Et2O.
1H-NMR (200.13 MHz, [D6]-acetone, 298K) 5 = 8.74 (d, 2H, 3J(H,H)= 5.6 Hz, Pyb-H6), 8.67 (d, 1H, 3J(H,H) = 5.6 Hz, 
Pya-H6), 8.0-6.8 (m, 9H, Py-H4, Py-H5 and Py-H3), 7.36 (m, 8H, BAr-H2), 6.93 (t, 8H, 3J(H,H)= 7.1 Hz, BAr-H3), 
6.78 (t, 4H, 3J(H,H)= 7.1 Hz, BAr-H4), 5.55 (d[AB], 2H, 3J(H,H)=14.7 Hz, N-CH2-Pyb), 5.09 (s, 2H, N-CH2-Pya), 4.98 
(d[AB], 2H, 3J(H,H)=14.7 Hz, N-CH2-Pyb), 3.55 (t, 2H, 3J(H,H)= 5.6 Hz, Rh-CH2CHO-), 3.14 (dt, 2H, 3J(H,H)= 5.6 
Hz, 2J(H,Rh)= 2.7 Hz, Rh-CHCH2O-), 0.60 (s, 6H, -O-C(CH3)2-O).
Fab-Ms (m-Noba/CH3CN): 453, 428, 391. Fab-Ms (m-Noba/CH3CN) from a sample prepared from an [D6]-acetone 
solution: 589, 452, 438, 429, 394, 391.
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Reactivity of 2-Rhodaoxetanes with a Labile Acetonitrile Ligand
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A bstrac t
New cationic, square planar, ethene complexes [(RBPA)RhI(C2H 4)]+ [2a]+-[2c]+ ([2a]+: R= Me, 
[2b]+: R= Bu, [2c]+: R= Bz) have been prepared (RBPA= N-alkyl-N,N-di(2-pyridylmethyl)amine; 
alkyl (R)= Me, Bu, Bz). They are selectively oxygenated by 35% aqueous H 2O2 in M eCN to the 
corresponding 2-rhoda(III)oxetanes [(RBPA)RhIII(K2 -O,C-CH2CH2O)(CH3CN]+, [3a]+-[3c]+.
The rate o f elimination o f acetaldehyde from [(RBPA)RhIII(K2 -O,C-CH2CH2O)(CH3CN]+ increases 
in the order R= Me < R= Bu < R= Bz.
Elimination o f acetaldehyde from [(BzBPA)RhIII(K2 -O,C-CH2CH2O)(CH3CN]+, [3c]+, in the 
presence o f ethene results in regeneration o f ethene complex [(BzBPA)Rh!(C2H 4)]+, [2c]+.
Further oxidation o f [3c]+ by H 2O2 results in formation o f the transient hydroxy-formylmethyl 
complex [(BzBPA)RhIII(OH){CH2C(O)H}]+, [5]+.
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1. In troduction
Transition metal catalysed selective oxidation o f olefins is of great interest, both in bulk- and in 
fine-chemical synthesis. However, many drawbacks prevent the use o f several known catalysts on 
large scale (catalyst decomposition, use o f expensive oxidants like m-CPBA or PhIO, consumption 
of sacrificial reductant, substrate restrictions etc.) M echanistic proposals for known catalytic 
oxidation reactions are often controversial. To gain more insight in metal catalysed olefin 
oxidation, we are investigating stoichiometric oxidation o f rhodium(I)-coordinated olefins.
In chapter 3 we described the oxidation o f [“N 4”Rh!(ethene)]+ complexes with H 2O2 to 
2-rhodaoxetanes (1-oxa-2-rhoda(III)cyclobutanes) [1a]+ and [1b]+ (Figure 1).[1]
[1a]+: R=H 
[1b]+: R=CH3
Figure 1. Coordinatively saturated “N4 "-rhodaoxetanes [1a]+ and [1b]+ with the rigid tetradentate 
“N4 ’’-ligands TPA and MeTPA, respectively.
These four-membered oxa-metallacycles, stabilised by the tetradentate N-ligands (“N 4” ) TPA and 
MeTPA, proved to be remarkably stable. Their stability gave us a unique opportunity to study 
2-metallaoxetane reactivity.[2,3] However, for any o f the reactions described in chapter 3 to be 
potentially useful in catalysis, the reactivity o f the 2 -rhodaoxetane moiety would need to be 
considerably increased. In this chapter we will describe the oxidation o f the new square planar 
compounds [(RBPA)RhI(ethene)]+ (R= Me, Bu, Bz), stabilised by the tridentate N-ligands RBPA 
(N-alkyl-N,N-di(2-pyridylmethyl)amine). Reaction o f these complexes with aqueous H 2O2 in 
CH3CN results in formation o f the 2-rhodaoxetanes [(RBPA)RhIII(K2 -O,C-CH2CH2O)(CH3CN)]+. In 
these, the 2-rhodaoxetane fragment is stabilised by four N-donors like in [1a]+ and [1b]+; the 
tridentate RBPA and CH3CN. The reactivity o f these 2-rhodaoxetanes is found to be significantly 
increased relative to that o f [1a]+ and [1b]+ due to the lability o f CH3CN.
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2. Results
2.1 Synthesis of the [“N3”R h I(ethene)]+ complexes
W e synthesised the new cationic, square planar ethene complexes [(MeBPA)Rh!(C2H4)]+ ([2a]+) 
[(BuBPA)Rh!(C2H4)]+ ([2b]+) and [(BzBPA)Rh!(C2H 4)]+ ([2c]+), by the route shown in Scheme 1. 
Stirring o f [{(C2H 4)2Rh(|i-Cl)}2] with the ligands MeBPA, BuBPA or BzBPA in M eOH at -78oC 
afforded [2a]Cl, [2b]Cl, and [2c]Cl, respectively. The products were isolated as BPh4-salts by 
precipitation with NaBPh4.
R - N
MeBPA: R= methyl 
BuBPA: R= n-butyl 
BzBPA: R= benzyl
[ { ^ H ^ R h ^  2-Cl)}2]
------------------------- »
MeOH, r.t. 
NaBPh4
N 
I I
R— N — Rh-
[2a]+: R= Me 
[2b]+: R= Bu 
[2c]+: R= Bz
Scheme 1. Preparation of RhI(ethene) complexes [2a]+-[2c]+.
The 1H- and 13C-NMR data o f [2a]+-[2c]+ show signals for two equivalent pyridine groups. 
Compared to the free ligands, the Py-H6 signals in the 1H-NM R spectrum have shifted almost 1.0 
ppm upfield as a result o f anisotropic shielding by the coordinated ethene fragment (e.g. BuBPA: 5= 
8.5, [2b]+: 5= 7.5). The diastereotopic protons o f the two equivalent N-CH2-Py groups give rise to 
two AB-type doublets. In the 1H- and 13C-NMR spectra o f [2a]+-[2c]+, the ethene fragment is 
observed as a broad singlet at r.t. The fluxionality o f ethene in [2a]+-[2c]+ parallels that o f ethene in 
the cationic complex [(PNP)RhI(C2H 4)]+ (PNP = 2,6-bis(diphenylphosphanylmethyl)-pyridine).[4]
In the 1H-NOESY spectrum of [2b]+ and [2c]+ clear NOE contacts are observed between Py-H6 
and the protons o f the ethene fragment. Furthermore, clear NOE contacts are observed between 
N-CH2a - ([2b]+; N-C#¿-Pr, [2c]+; N -C H -P h) and the equatorial N-CH2-Py protons (one o f the AB­
type doublets). The latter also show NOE contacts with the Py-H3 protons. The axial N-CH2-Py 
protons (other AB-type doublet) show no NOE contacts with either N-CH2a- or Py-H3. The above 
NOE pattern is characteristic for the mer-coordination mode o f the BuBPA and BzBPA ligands (see 
Figure 2).
2.2 Selective oxidation of [“N3”R h I(ethene)]+ by H 2O 2
The complexes [2a]+-[2c]+ are air-sensitive. Ethylene is readily displaced by O2 in acetone or 
CH3CN, as indicated by 1H-NM R and ESI-MS. The resulting Rh-O2 complexes are apparently very 
labile and decompose quickly into a complex mixture o f compounds. Treatment o f acetone 
solutions o f [2a]BPh4, [2b]BPh4 and [2c]BPh4 with H 2O2 at r.t. also results a complex mixture of 
oxidation products. However, in CH3CN an instantaneous and very selective oxidation of
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[2a]+-[2c]+ by H 2O2 is observed. 1H-NM R indicates the formation o f the 2-rhodaoxetanes [3a]+- 
[3c]+ in nearly quantitative yield. They were isolated as [3a]BPh4, [3b]BPh4 and [3c]BPh4 by 
precipitation with diethylether. See Scheme 2.
+ BPh4-
H2O2
c h 3c n
R
V e I + BPh4-
N '  RhN
LN/O0
[2a]+
[2b]+
[2c]+
R= Me 
R= Bu 
R= Bz
[3a]+
[3b]+
[3c]+
R= Me 
R= Bu 
R= Bz
Scheme 2. Selective oxidation of[2a]+-[2c]+ by H2O2 in CH3CN resulting in 
“N3 ”-MeCN-rhoda(III)oxetanes [3a]+-[3c]+.
As for the rhodium(I) complexes [2a]+-[2c]+, the 1H- and 13C-NMR data o f the rhodium(III) 
complexes [3a]+-[3c]+ are in accordance with two equivalent pyridine groups. As expected, the 
Py-H6 signals o f the 2-rhodaoxetanes [3a]+-[3c]+ have undergone a downfield coordination shift 
relative to those o f the free ligands. Signals indicative for the rhodaoxetane fragment RhIII(K2 -O,C- 
CH2CH2O) are clearly observed in the 1H-NM R spectra o f [3a]+-[3c]+. In all three complexes 
Rh-CH2-CH2-O is observed as a triplet whereas Rh-CH2-CH2-O is observed as a doublets o f triplets
due to rhodium coupling. In the 13C-NMR spectrum of [3a]+, Rh-CH2-CH2-O and Rh-CH2-CH2-O
1 2show a J- and J-rhodium coupling, respectively. Chemical shifts and coupling constants are 
summarised in Table 1. Other NM R-data for [3a]+-[3c]+ are very similar to those o f the “N 4” - 
rhodaoxetanes [1a]+-[1b]+.[1]
In the 1H-NOESY spectrum o f [3a]+ clear NOE contacts are observed between the Py-H6 protons 
and Rh-CH2-CH2-O o f the oxa-metalla-cycle, thus indicating that the alkyl carbon is oriented trans 
to the tertiary amine nitrogen (NMeamine). Other NOE contacts, similar to those for ethene complex 
[2 b]+ are indicative for the mer-coordination mode o f the MeBPA ligand in [3a]+. Due to the 
similarity between the 1H-NM R-signals o f [3a]+-[3c]+ and [1a]+/[1b]+ we assume that the alkyl 
fragment (R) attached to N Ramine (R= Me, Bu, Bz) and the CH3CN ligand are syn-oriented (with 
respect to the Rh-NRamine bond).
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1 13Table 1. H- and C-NMR chemical shifts and coupling constants of 
the 2-rhoda(III)oxetane Rh-CH2-CH2-Yfragments.
[1a]+ a) [1b]+ a) b)a]3[ [3b]+ [3c]+
1H -N M R  (5)
Rh-CH2-CH2-O 2.25 2.35 2.21 2.20 2.29
(2J(Rh,H) (Hz)) (2.4) (2.6) (2.4) (2.3) (2.5)
Rh-CH2-CH2-O 4.98 4.80 4.76 4.65 4.74
(3J(H,H) (Hz)) (7.5) (7.6) (7.5) (7.5) (7.5)
13C -N M R  (Ô)
Rh-CH2-CH2-O 1.3 2.5 -1.4 -- --
(1J(Rh,C) (Hz)) (18.4) (18.0) (16.5)
Rh-CH2-CH2-O 78.7 80.6 80.5 -- --
(2J(Rh,C) (Hz)) (4.0) (4.2) (3.7)
1H-NMR: CÜ2Cl2
13C-NMR: a) [Dg]-acetone; b) CD2Cl2
Only compound [3a]+ was fully characterised (by 1H- and 13C-NMR, 1H-NOESY, CHN-analysis, 
FAB- and ESI-MS). The instability o f [3b]+ and [3c]+ prevented their CHN-analysis and their 
further characterisation by 13C-NMR and 1H-NOESY at r.t.
2.3 Stability  of the 2-rhodaoxetanes; elim ination of acetaldehyde
Compared to the “N 4” -rhodaoxetanes [1a]+ and [1b]+, the analogous “N 3” -rhodaoxetanes [3a]+- 
[3c]+ are much less stable. In CD2Cl2, [3a]+-[3c]+ eliminate acetaldehyde at r.t., as indicated by the 
gradual appearance o f 1H-NM R resonances at 5= 9.7 (q, 3J(H,H)= 2.9 Hz , 1H, CH3C(O)H) and 5=
2.1 (d, 3J(H,H)= 2.9 Hz , 3H, CH C(O)H ).
The benzyl homologue [3c]+ is the most reactive one. Elimination o f acetaldehyde is complete 
within 2 hrs. The methyl homologue [3a]+ is the least reactive, with only 20% elimination of 
acetaldehyde after 20 hrs. in CD2Cl2.
In CD3CN, complex [3a]+ is relatively stable. Complex [3c]+ however still eliminates acetaldehyde, 
although much more slowly than in CD2Cl2 (approx. 20% within 2 hrs.). Upon addition o f a few 
drops o f CD3CN to [3c]BPh4 in CD2Cl2, rapid substitution o f CH3CN by CD3CN was observed (1H- 
NMR). The addition o f CD3CN also slowed down the elimination o f acetaldehyde.
Elimination o f acetaldehyde from [3a]+-[3c]+ in CD2Cl2 generates a complex mixture o f “N 3” - 
rhodium complexes. However, for [3c]+ in the presence o f ethene or 1,5-cyclooctadiene (cod) 
regeneration o f ethene complex [2c]+ or formation o f cod complex [4]+[5] was observed, both in 
nearly quantitative yield (Scheme 3).
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Scheme 3. Elimination of acetaldehyde from 2-rhoda(III)oxetane [3c]+ in the presence of ethene 
and cod, respectively, results in regeneration of RhI(ethene) complex [2c]+ and formation of 
Rrí(cod) complex [4]+.
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G as-phase decom position of the 2-rhodaoxetanes; ESI-M S
Solutions o f [3a]BPh4 or [3c]BPh4, generated in situ by dissolving [2a]BPh4 or [2c]BPh4 in CH3CN 
in the presence o f H 2O2, were injected into an ESI-MS spectrometer. Clear signals for 
[(RBPA)Rh(C2H 4O)(MeCN)]+ were observed at m/z = 401 (R=Me) and at m/z = 477 (R=Bz). For 
both R= M e and R= Bz, daughter spectra (MS/MS) o f [(RBPA)Rh(C2H 4O)(MeCN)]+ showed clear 
signals corresponding with [(RBPA)Rh(C2H4O)]+, indicating loss o f CH3CN (41), and 
[(RBPA)Rh]+, indicating loss o f CH3CN and C2H4O (44). Daughter spectra o f the 
[(RBPA)Rh(C2H 4O)]+ ions showed loss o f C2H 4O. No direct loss o f C2H4O from 
[(RBPA)Rh(C2H 4O)(MeCN)]+ was observed (Scheme 4).
N ^ N N = Z
0 5
[3 a ]  + , R = M e : m /z  = 401 
[3 c ]  + , R = Bz: m /z  = 477
- C 2H 4O
R = Bz, m /z  = 436 R = Bz, m /z  = 392
+
+ +
Scheme 4. Fragmentation of[3a]+ and [3c]+ in the gas phase(ESI-MS).
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The above observations suggest that dissociation o f M eCN precedes elimination o f C2H4O 
(acetaldehyde?) in the gas-phase. However, the daughter spectra o f [(RBPA)Rh(C2H 4O)]+ (R= Me, 
Bz) also show signals corresponding with [(RBPA)Rh(C2H4)]+, indicating loss o f O. Daughter 
spectra o f the presumed [(RBPA)Rh(C2H4)]+ ions show signals corresponding with loss o f C2H4. 
Presently, the mechanism o f the apparent loss o f O and C2H 4 is not understood.
Although not proven by the above M S-experiments, it seems reasonable to assume that elimination 
o f acetaldehyde also proceeds in the gas-phase. The apparent loss o f O and subsequent loss o f C2H 4 
indicate that in the gas-phase there is at least a stepwise route for elimination o f C2H 4O.
2.4 F u rth e r  oxidation of 2 -rhodaoxetane [3c]+ w ith  H 2O 2
In CD3CN the 2-rhodaoxetanes [3a]+ and [3b]+ are relatively stable in the presence o f 10 mole/mole 
H2O2, as indicated by 1H-NMR. In contrast, [3c]+ slowly converts to a mixture o f compounds. 
Formation o f acetaldehyde is no longer observed in the presence o f excess H 2O2. A transient 
intermediate was observed by 1H-NMR, which we tentatively identify as the hydroxy-formylmethyl 
complex [(BzBPA)RhIII(OH)(CH2CH(O))(MeCN)]+ ([5]+), see Scheme 5. (5= 3.37 (dd, 3/(H ,H )=
5.3 Hz, 2/(R h,H )= 2.9 Hz, 2H, R h-C H -C (O )H ) and 5= 10.3 (t, V(H,H)= 5.3 Hz, 1H, Rh-CH2-
C (O )H ).
According to 1H-NMR, [5]+ reaches its maximal intensity after approx. 4 hrs. After 12 hours, the 
1H-NM R signals indicative for [5]+ had disappeared, and a complex mixture o f N 3-ligand rhodium 
complexes was observed. The rate o f formation o f [5]+ roughly equals the rate o f elimination of 
acetaldehyde from [3c]+ in the absence o f H 2O2.
[3c]+ [5]+ [5]+
Scheme 5. Oxidation of2-rhodaoxetane [3c]+ by H2O2 to hydroxy-formylmethyl complex [5]+.
Further evidence for the formation o f [5]+ comes from ESI-MS: The dissolution o f [2c]BPh4 in a 
solution o f 35% aqueous H 2O2 in CH3CN, leads to in situ generation o f [3c]+ (m/z= 477), and its 
subsequent oxidation to [5]+. In the ESI-MS spectrum of this mixture the formation o f [5]+ is 
indicated by the gradual rise with time o f a signal at m/z = 493. A daughter spectrum (MS/MS) of 
m/z = 493 showed a signal at m/z = 452, indicative for loss o f CH3CN and a signal at m/z = 434, 
indicative for loss o f CH3CN and H 2O. Both signals are consistent with the formulation as [5]+.
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3. Discussion
3.1 E lim ination  of acetaldehyde
The observed elimination o f acetaldehyde from [3c]+, and the accompanying formation o f ethene 
complex [2c]+ in the presence o f ethene show that the RhI-oxidation state is accessible from a 
2-rhoda(III)oxetane, even with “ hard” N-ligands.
Elimination o f acetaldehyde from the 2-rhodaoxetanes [1a]+ and [1b]+ requires temperatures in 
excess o f 80oC. 1H-NM R studies o f 2-rhodaoxetanes [3a]+-[3c]+ in CD2Cl2 reveal ready elimination 
o f acetaldehyde at r.t. The change from the non-labile “N 4” -ligand system in [1a]+ and [1b]+ to the 
more labile “N 3” -MeCN ligand system in [3a]+-[3c]+ clearly increases the reactivity o f the 
2 -rhodaoxetane moiety.
The ESI-MS spectra o f [3c]+ suggest that in the gas-phase dissociation o f CH3CN precedes 
elimination o f acetaldehyde. Furthermore, addition o f CD3CN to [3 c]BPh4 in CD2Cl2 slows down 
the elimination o f acetaldehyde and results in rapid substitution o f CH3CN by CD3CN. This 
indicates that elimination o f acetaldehyde from a coordinatively unsaturated 16e species ([3d]+) is 
rate determining (Scheme 6). In the presence o f ethene the resulting 14e species [(BzBPA)Rh*]+ can 
be trapped as the 16e ethene complex [(BzBPA)Rh!(C2H4)]+, [2c]+.
Me
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c N / R h;
o O O
[3c]+
+ BPh4-
H2O2
BPh4-
CD2Cl2
CH3CN
+ CH3CN
O
H ,C ^ H
+
Scheme 6 . Schematic overview o f the oxidation of ethene complex [2c]+ to 2-rhodaoxetane [3c]+ in 
CH3CN, and regeneration o f [2c]+ from [3c]+ in CD2Cl2 under ethene; Elimination of 
acetaldehyde from proposed coordinatively unsaturated intermediate [3d]+.
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It seems reasonable to propose a mechanism involving ß -hydrogen elimination (ß -hydride shift) to 
give a cis-hydrido-formylmethyl rhodium(III) complex, which reductively eliminates acetaldehyde 
(Scheme 7).
N'
□
I i i u n
:Rh.
O-
n
N \  K n
-► .Rh
H2O2
CH3CN
n n
^ I i iU n
;:R h
h o  I 
n
h
+ ++
n
H3 C
O
A ,
h
Scheme 7. Formation o f a proposed formylmethyl-hydride intermediate from 2-rhodaoxetane [3c]+ 
in both elimination o f acetaldehyde and oxidation to formylmethyl-hydroxide complex [5]+.
A similar step has been proposed in rhodium(I) catalysed isomerisation o f epoxides to ketones and 
aldehydes.[6] Furthermore, in accord with this mechanism, a cis-hydrido-formylmethyl iridium(III) 
complex has been obtained by reaction o f ethylene oxide with [Ir!(C8H 14)(PMe3)3(Cl)].[7] In these 
examples, generation o f a vacant site required for ß -hydrogen-elimination from the proposed 
2 -rhoda- and 2 -iridaoxetane intermediates was suggested to proceed via heterolytic dissociation of 
the Rh-O bond. One would expect that ß -hydrogen-elimination requires a vacant site. However it 
seems unlikely that heterolytic metal-oxygen dissociation, to give a dipolar intermediate as proposed 
by Mil stein,[6,7] would be facilitated by prior CH3CN dissociation. Generation o f a vacant site 
through dissociation o f the Rh-O bond would o f course be facilitated by protonation (See chapter 3). 
This seems however unlikely for CH2Cl2 solutions o f [3c]BPh4, as BPh- will scavenge any trace of 
acid.[8] Furthermore, protonation and subsequent dissociation o f the thus obtained hydroxy-alkyl 
group can not be facilitated by prior dissociation o f CH3CN.
The above arguments lead us to propose the mechanism depicted in Scheme 8 . Dissociation of 
CH3CN from [3c]+ results in formation o f five-coordinate [3d]+, with an increased electrophilic 
character. From [3d]+, a (concerted) hydride shift involving simultaneous formation o f the carbonyl 
rc-bond and the rhodium-hydride bond occurs.
O-
/
/
Rh ~Zw
□  h
I/,
Rh— Kv
H H
/
H
O
Scheme 8 . Proposed (concerted) hydride shift in elimination o f acetaldehyde from 2-rhodaoxetanes 
[3a]+-[3c]+.
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Such a concerted hydride shift, which formally is the reverse o f migratory insertion o f a carbonyl 
into a rhodium-hydride bond, would require a cis-C, cis-O (cis,cis) vacant site at the 
2-rhoda(III)oxetane metal centre. The recent report of the formation o f an rc-allyl-hydrido 
iridium(III) complex from a metallacyclobutane Cp*IrIII(K2 -C,C-C3H6)(DMSO) by dissociation o f a 
cis,cis-DMSO ligand seems to support this mechanism.[9] In this reaction creation of a vacant site 
via a dipolar intermediate is also highly unlikely. Dissociation o f M eCN from [3c]+ creates however 
a cis-C, trans-O (cis, trans) vacant site in [3d]+. W e therefore feel that a mer-fac rearrangement of 
the BzBPA ligand in [3d]+ to generate a cis,cis vacant site should (by theory) preceed the concerted 
hydride shift depicted in Scheme 8 .
The need for generation o f a vacant site for reductive elimination has been demonstrated in many 
cases,[10] including elimination o f aldehydes and ketones from related (cis-acylmethyl-hydrido and 
cis-formylmethyl-hydrido)rhodium(III) complexes.[6, 11] Thus, once generated, the 16e formyl- 
methyl-hydride species should readily undergo reductive elimination o f acetaldehyde.
3.2 E lim ination  of acetaldehyde versus oxidation by H 2O 2
The rate o f oxidation o f [3c]+ by excess H 2O2 in CH3CN is comparable to the rate of acetaldehyde 
elimination in absence o f H 2O2. The rhodaoxetane [3a]+, which in contrast to [3c]+ proved to be 
stable in CH3CN, was not oxidised by H 2O2. Therefore, it is tempting to assume that elimination of 
acetaldehyde from [3c]+, and oxidation o f [3c]+ to the formylmethyl hydroxide complex [5]+, 
proceed via the same cis-formylmethyl-hydrido intermediate. Whereas acetaldehyde is formed by 
reductive elimination, [5]+ results from oxidation of the hydride by H 2O2 to a hydroxide. See 
Scheme 7.
3.3 T he effect of varia tion  of R  in R B PA  on rhodaoxetane stability
The observed differences in stability between [3a]+ and [3c]+ are remarkable; In CH2Cl2 
decomposition o f [3a]+ requires days, whereas decomposition o f [3c]+ is complete within 2 hours. 
As a result o f increased steric hindrance, N Bzamine in [3c]+ should be a slightly weaker o-donor than 
N Meamine donor in [3a]+ (see chapter 2). The reduced donor capacity o f BzBPA vs. M eBPA could 
increase the rate o f reductive elimination o f acetaldehyde from the coordinatively unsaturated
2-rhodaoxetane [3d]+ (see Scheme 6 ). However, addition o f CH3CN significantly retards 
elimination o f acetaldehyde. It therefore seems logical to assume that the rate is predominantly 
determined by the concentration o f the coordinatively unsaturated rhodaoxetane 
[(RBPA)Rhm(C2H 4O)]+, which is in equilibrium with its M eCN adduct. There is no obvious 
electronic reason why CH3CN dissociation from [(RBPA)Rhm(C2H 4O)(MeCN)]+ should be 
facilitated by a weaker Namine-donor. W e therefore propose that the relative concentration of the 
coordinatively unsaturated rhodaoxetanes [(RBPA)Rhm(C2H 4O)]+ vs. their M eCN adducts rises 
upon increasing sterical hindrance between R  o f RBPA and MeCN, as explained below:
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A study o f CPK models indicates that the preferred conformation o f BzBPA in the mer-coordination 
mode will be conformation A in Figure 2.
Figure 2. Conformations o f the BzBPA ligand in its mer-coordination mode;
A: Minimal interactions between N-CH2-Py methylene protons and benzyl-group.
B: Minimal interactions between benzyl-group and coordinated MeCN.
In this conformation steric hindrance between the methylene protons o f N-CH2-Py and the phenyl of 
the benzyl group are minimised. Upon oxidation o f ethene complex [2c]+ to rhodaoxetane [3c]+, 
rhodium wants to become six-coordinate through coordination o f MeCN, and the benzyl group has 
to turn away from the rhodium centre and to adopt the conformation B in Figure 2. This 
conformation minimises steric hindrance between the benzyl group and the M eCN ligand at the 
expense o f increased intra-ligand hindrance between the benzyl-group and the methylene protons of 
N-CH2-Py. Coordination o f M eCN also hinders the rotational-freedom of the benzyl group. Such an 
increase o f intra-ligand strain is less prominent in [3b]+, and absent in [3a]+, thus accounting for the 
observed decomposition rate in the order BzBPA > BuBPA > MeBPA.
3.4 Possibilities fo r catalytic oxidation of ethene
The recovery o f the ethene complex [2c]+ upon decomposition o f 2-rhodaoxetane [3c]+ in CH2Cl2, 
in the presence o f ethene (Scheme 6 ), suggests that [2c]+ might catalyse oxidation o f ethene by 
H 2O2 to acetaldehyde. However, there are no indications for any catalytic behaviour o f [3c]+ in the 
presence o f ethene and H 2O2. One o f the reasons could be that a “ naked” [(BzBPA)Rh!]+, resulting 
from reductive elimination, reacts faster with H 2O2 than with ethene, thus poisoning the potential 
catalyst. Another reason for the failure of [3c]+ to generate acetaldehyde catalytically could be the 
further oxidation o f [3c]+ to [5]+ by H 2O2.
4. Conclusions
Oxidation o f [RhI(ethene)]+ by H 2O2 is not limited to complexes stabilised by tetradentate N-donor 
ligands (“N 4” ). In CH3CN the square planar [“N 3”Rh!(ethene)]+ complexes [2a]+-[2c]+ are 
selectively oxidised to the M eCN adducts o f the “N 3” -rhodaoxetanes [“N 3”RhIII(K2 -O,C-
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CH2CH2O)]+: [3a]+-[3c]+. The rate o f elimination o f acetaldehyde from these “N 3” -MeCN 
rhodaoxetanes is significantly increased relative to the more rigid “N 4” -rhodaoxetanes [1a]+ and 
[1b]+.
For [(BzBPA)RhIII(CH2CH2O)(MeCN)]+, [3c]+, elimination of acetaldehyde in the presence of 
ethene results in recovery o f ethene complex [(BzBPA)Rh!(C2H 4)]+, [2c]+. This shows that 
formation o f a C-H bond by reductive elimination could in principle provide a route to complete 
rhodium-catalysed olefin oxidation. The mechanism o f elimination o f acetaldehyde is proposed to 
involve generation o f a vacant site via CH3CN elimination followed by a hydride shift from the 
intact 2-rhodaoxetane moiety.
The reactivity o f [3a]+-[3c]+ strongly depends on R  o f the RBPA ligands: The rate o f acetaldehyde 
elimination increases in the order [3a]+: “N 3” = M eBPA < [3b]+: “N 3” = BuBPA < [3c]+: “N 3” = 
BzBPA. This is thought to result from an increased concentration o f the coordinatively unsaturated 
rhodaoxetane [(RBPA)Rhm(C2H4O)]+ relative to its M eCN adduct upon increasing sterical 
hindrance between R and MeCN.
[3c]+ is further oxidised by H 2O2 in CH3CN to give the transient formylmethyl-hydroxide complex 
[“N 3”Rhm(CH2C(O)H)(OH)CH3CN)]+ complex [5]+. No such reactivity is observed for [3a]+ and 
[3b]+ . It is tempting to propose that elimination o f acetaldehyde from [3c]+, and oxidation o f [3c]+ 
to the formylmethyl hydroxide complex [5]+, proceed via the same cis-formylmethyl-hydrido 
intermediate.
5. Experimental section 
General methods
All procedures were performed under N2 using standard schlenk techniques. Solvents (p.a.) were deoxygenated by 
bubbling through a stream of N2 or by the freeze-pump-thaw method. The temperature indication r.t. corresponds to ca. 
20oC.
NMR experiments were carried out on a Bruker DPX200 (200 MHz and 50 MHz for 1H and 13C respectively), a Bruker 
AC300 (300 MHz and 75 MHz for 1H and 13C respectively) and a Bruker AM-500 (500 MHz and 125 MHz for 1H and 
13C respectively). Solvent shift reference for 1H-NMR: [D6]-acetone §H = 2.05, CD3CN 8h = 1.98, CD2Cl2 8h = 5.31. 
For 13C-NMR: [D6]-acetone 5C = 29.50, CD3CN 5C = 1.28, CD2Cl2 5C = 54.20. Abbreviations used are s= singlet, d= 
doublet, dd= doublet of doublets, t= triplet, dt= doublet of triplets, q= quartet, dq = doublet of quartets, m= multiplet 
and br= broad. Elemental analysis (C,H,N) were carried out on a Carlo Erba NCSO-analyser. Fast atom bombardment 
(FAB) ionisation mass spectra were recorded on a VG 7070 mass spectrometer. Electrospray ionisation (ESI) mass 
spectra were performed on a slightly modified Finnigan MAT TSQ7000 mass spectrometer with an 
octopole/quadropole/ octopole/quadropole setup behind the electrospray source.[12]
[{(C2H4)2Rh(|>Cl)}2] was prepared according to a literature procedure.[13] The synthesis and characterisation of the 
ligands BuBPA and BzBPA, and compound [(BzBPA)RhI(cod)]PF6, [4]PF6, are described in chapter 2. All other 
chemicals are commercially available and were used without further purification, unless stated otherwise.
Synthesis
MeBPA, N-methyl-N,N-di(2-pyridylmethyl)amine
In 100 ml acetonirile was dissolved 1.01 g (5.09 mmole) BPA and 0.74 g (5.21 mmole) methyliodide. Approx. 10 g 
Na2CO3 was added. The solution was refluxed for 3 days under a nitrogen atmosphere. Subsequently, the Na2CO3 was 
removed by filtration, and the solvent was evaporated under vacuum. The resulting oil was stirred for one hour in a 
mixture of water and Na2CO3. The mixture was extracted with diethylether. The combined ether layers were evaporated 
and a red oil was obtained. The product was purified by chromatography on a silica column with 10% methanol in 
chloroform.
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1H-NMR (200.13 MHz, CDCl3, 300 K) 5 = 8.56 (dq, 3J(H,H) = 4.7 Hz, 2H, Py-H6), 7.67 (m, 2H, Py-H4), 7.53 (m, 2H, 
Py-H3), 7.17 (m, 2H, Py-H5), 3.79 (s, 4H, N-CH-Py), 2.33 (s, 3H, N-CH3).
13C{1H}-NMR (50.32 MHz, CDCl3, 300 K) 5 = 159.0 (Py-C2), 148.8 (Py-C6), 136.2 (Py-C4), 122.8 (Py-C3), 121.8 
(Py-C5), 63.4 (N-CH-Py), 42.5 (N-CH3).
FAB+-MS (m/z ): 213 [M]+, 198 [M-CH3]+.
[2a]BPh4
(h 2-ethene)-(k3 -N-methyl-N,N-di(2-pyridylmethyl)amine)-rhodium (I)-tetraphenylborate
To a solution of 0.24 g (1.11 mmole) MeBPA in 50 ml methanol, 0.22 g (1.11 mmole) [{(C2H4)2RhI(^2-Cl)}2] was 
added. After one hour stirring at -780C, 0.18 g (1.11 mmole) NaBPh was added. A yellow powder precipitated which 
was collected by filtration. The product was washed with methanol and dried under vacuum. Yield: 0.85 g (77 %). 
'H-NMR (200.13 MHz, [D6]-acetone, 300 K) 5 = 7.92 (dt, 3J(H,H) = 7.8 Hz, 3J(H,H)= 7.8 Hz, 4J(H,H) = 1.5 Hz, 2H, 
Py-H4), 7.66 (dddd, 3J(H,H) = 5.6 Hz, 4J(H,H) = 1.5 Hz, J  = 1.5 Hz, J  = 0.6 Hz, 2H, Py-H6), 7.50 (dd, br, 3J(H,H) =
7.8 Hz, J  = 0.4 Hz, 2H, Py-H3), 7.4-7.3 (m, 2H, Py-H5), 7.34 (m, 8H, BAr-H2), 6.93 (t, 3J(H,H)= 7.4 Hz, 8H, BAr-H3),
6.77 (t, 3J(H,H)= 7.4 Hz, 4H, BAr-H4), 5.00 (d[AB], 3J(H,H) = 15.7 Hz, 2H, N-CH-Py), 4.36 (dd[AB], 3J(H,H) = 15.7 
Hz, 3J(Rh,H) = 1.3 Hz, N-CH-Py), 3.48 (s, 4H, CH2=CH2), 2.92 (s, 3H, N-CH3).
13C{'H}-NMR (50.32 MHz, [D6]-acetone, 300 K) 5 = 165.4 (q, J(B,C) = 49.6 Hz, BAr-C1), 165.1 (Py-C2), 150.2 (Py- 
C6), 138.9 (Py-C4), 125.9 (Py-C3), 124.3 (Py-C5), 137.5 (BAr-C2), 126.5 (BAr-C3), 122.8 (BAr-C4), 67.6 (N-CH- 
Py), 57.7 (br, CH2=CH2), 47.33 (N-CH3).
FAB+-MS (m/z): 344 [M]+, 316 [M-C2H4]+, 300 [M-C2H4-CH3-H]+.
Calculated for C39H39N3BRh: C 70.60, H 5.93, N 6.33; Found: C 70.65, H 5.81, N 6.23.
[2b]BPh4
(h 2-ethene)-(k3 -N-butyl-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-tetraphenylborate
To a solution of 1.00 g (3.92 mmole) BuBPA in 50 ml methanol, 0,76 g (3.92 mmole) [{(C2H4)2RhI(^2-Cl)}2] was 
added. After one hour stirring at -780C, 1.33 g (3.92 mmole) NaBPh was added. A yellow powder precipitated which 
was collected by filtration. The product was washed with methanol and dried under vacuum. Yield: 2.10 g (76 %). 
'H-NMR (200.13 MHz, [D6]-acetone, 298 K): 5 = 7.97 (ddd, 3J(H,H) = 7.7 Hz, 3J(H,H) = 7.7 Hz, 4J(H,H) = 1.6 Hz, 
2H, Py-H4), 7.70 (dddd, 3J(H,H) = 5.6 Hz, 3J(H,H) = 1.6 Hz, J  = 1.6 Hz, J  = 0.7 Hz, 2H, Py-H6), 7.57 (dd, 3J(H,H) =
7.7 Hz, 2H, Py-H3), 7.5-7.4 (m, 2H, Py-H5), 7.37 (m, 8H, BAr-H2), 6.95 (t, 3J(H,H)= 7.4 Hz, 8H, BAr-H3), 6.80 (t, 
3J(H,H)= 7.4 Hz, 4H, BAr-H4), 5.13 (d[AB], 2J(H,H)= 16.1 Hz, 2H, N-CHH-Py), 4.60 (dd[AB], 2J(H,H)= 16.1 Hz, 
3J(Rh,H)= 1.3 Hz, 2H, N-CH-Py), 3.51 (s, br, 4H, CH2=CH2), 3.13 (m, 2H, N-CH-CH2-CH2-CH3), 1.81 (m, 2H, N- 
CH2-CHr CH2-CH3), 1.39 (m, 2H, N-CH2-CH2-CH-CH3), 0.79 (t, 3J(H,H) = 7.37 Hz, 3H, N-CH2-CH2-CH2-CH3). 
13C{'H}-NMR (50.32 MHz, [D6]-acetone, 300 K) 5 = 165.4 (Py-C2), 164.9 (q J(C,B) = 49.6 Hz, BAr-C1), 149.4 (Py- 
C6), 138.5 (Py-C4), 137.0 (BAr-C2), 126.1 (BAr-C3), 125.3 (Py-C3), 123.1 (Py-C5), 122.3 (BAr-C4), 66.6 (N-CH2- 
Py), 62.8 (N-CH2-CH2-CH2-CH3), 56.7 (br, CH2=CH2), 31.3 (N-CH2-CH2-CH2-CH3), 21.2 (N-CH2-CH2-CH2-CH3),
13.9 (N-CH2-CH2-CH2-CH3).
FAB+-MS (m/z ): 386 [M]+, 356 [M-C2H4-2H]+, 329 [M-Bu]+, 300 [M-C2H4-Bu-H]+.
Calculated for C42H45N3BRh: C 71.50, H 6.43, N 5.96; Found: C 71.40, H 6.13, N 6.05.
[2c]BPh4
(h 2-ethene)-(k3 -N-benzyl-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-tetraphenylborate
[2c] BPh4 was prepared by a procedure similar to that of [2a]BPh4 and [2b]BPh4, using the ligand BzBPA. Yield: 0.60 g 
(78 %)
'H-NMR (200.13 MHz, [D6]-acetone, 298 K) 5= 8.03 (m, 3J(H,H) = 7.6 Hz, 2H, Ph-H2), 7.79 (ddd, 3J(H,H) = 7.8 Hz, 
3J(H,H) = 7.8 Hz, 4J(H,H) = 1.5 Hz, 2H, Py-H4), 7.51 (dddd, 3J(H,H) = 5.7 Hz, 4J(H,H) = 1.5 Hz, J  = 1.5 Hz, J  = 0.7 
Hz, 2H, Py-H6), 7.30-7.00 (m, 5H, Py-H3, Ph-H3 and Ph-H4), 7.36 (m, 8H, BAr-H2), 7.22 (m, 2H, Py-H5), 6.95 (t, 
3J(H,H)= 7.4 Hz, 8H, BAr-H3), 6.78 (t, 3J(H,H)= 7.4 Hz, 4H, BAr-H4), 5.08 (d[AB], 2J(H,H) = 15.8 Hz, 2H, N-CH- 
Py), 4.64 (dd[AB], 2J(H,H) = 15.8 Hz, 3J(Rh,H) = 1.2 Hz, 2H, N-CH2-Py), 4.32 (s, 2H, N-CH2-Ph), 3.39 (s, br, 4H, 
CH2=CH2).
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13C{'H}-NMR (75.47 MHz, [D6]-acetone, 298 K) 5 = 156.2 (Py-C2), 155.9 (q, 1J(B,C) = 49.5 Hz, BAr-C1), 140.1 (Py- 
C6), 129.1 (Py-C4), 128.0 (BAr-C2), 124.8 (Ph-C1), 124.6 (Ph-C2), 120.5 (Ph-C3), 119.75 (Ph-C4), 117.1 (BAr-C3),
115.9 (Py-C3), 114.2 (Py-C5), 113.2 (BAr-C4), 57.6 (N-CH2-Py), 57.3 (N-CH2-Ph). The CH2=CH2 signal is too broad 
to be observed.
FAB+-MS (m/z): 420 [M]+, 391 [M-C2H4-H]+, 300 [M-C2H4-Bz-H]+.
Calculated for C45H43N3BRh: C 73.08, H 5.86, N 5.68; Found: C 73.40, H 5.98, N 5.81.
[3a]BPh4
(k2-O,C-2-oxye^yl)-(k3 -N-methyl-N,N-di(2-pyridylmethyl)amine)-rhodium (I)-tetraphenylborate
0.24 g [2a]BPh4 was dissolved in a mixture of 0.1 ml 35 % aqueous H2O2 and 5 ml acetonitrile. The solution was stirred 
for one hour. Subsequently 50 ml diethylether was added. A pale yellow powder precipitated, which was filtered and 
dried under vacuum pressure. Yield: 0.15 g (61 %).
'H-NMR (200.13 MHz, CD2Cl2, 300 K) 5 = 8.71 (d, 3J(H,H) = 5.3 Hz, 2H, Py-H6), 7.88 (ddd, 3J(H,H) = 7.7 Hz, 
3J(H,H) = 7.7 Hz, 4J(H,H) = 1.5 Hz, 2H, Py-H4), 7.6-7.3 (m, 4H, Py-H3 and Py-H5), 7.32 (m, 8H, BAr-H2), 6.99 (t, 
3J(H,H) = 7.4 Hz, 8H, BAr-H3), 6.84 (t , 3J(H,H) =7.4 Hz, 4H, BAr-H4), 4.76 (m, 4H, Rh-CH2-CH-O- and N-CH2-Py), 
4.13 (d[AB], 2J(H,H) = 15.0 Hz, 2H, N-CH2-Py), 2.65 (s, 3H, N-CH3), 2.21 (dt, 3J(H,H) = 7.5 Hz, 2J(Rh,H) = 2.4 Hz, 
2H, Rh-CH2-CH2-O-), 1.73 (s, NCCH3).
13C{'H}-NMR (50.32 MHz, CD2Cl2 + drop CD3CN, 300 K), 5 = 165.2 (Py-C2), 164.6 (q, 'J(B,C) = 49.0 Hz, BAr-C1),
152.6 (Py-C6), 139.65 (Py-C4), 136.6 (BAr-C2), 126.4 (BAr-C3), 126.2 (Py-C3), 124.7 (Py-C5), 122.8 (BAr-C4), 80.5 
(d, 3J(Rh,H) = 3.7 Hz, Rh-CH2-CH2-O-), 65.82 (s, 2C, N-CH2-Py), 46.2 (s, 1C, N-CH3), 3.60 (Rh-NCCH3), -1.38 (d, 
2J(Rh,H) = 16.5 Hz, Rh-CH2-CH2-O-). The Rh-NCCH3 signal was not observed.
FAB+-MS (m/z): 401 [M]+, 374 [M-CH3CN]+, 316 [M-CH3CN-C2H4O]+.
Calculated for C41H42N4OBRh: C 68.35, H 5.88, N 7.78; Found C 68.20 H 5.76 N 7.76.
[3b]BPh4
(k2 -O,C-2-oxyethyl)-(K3 -N-butyl-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-tetraphenylborate 
[3b]BPh4 was prepared by a procedure similar to that of [3a]BPhi, using [2b]BPhi.
'H-NMR (200.13 MHz, CD2Cl2, 300 K), 5 = 8.66 (d, 3J(H,H) = 5.3 Hz, 2H, Py-H6), 7.84 (ddd, 3J(H,H) = 7.8 Hz, 
3J(H,H) = 7.8 Hz, 4J(H,H)= 1.6 Hz, 2H, Py-H4), 7.5-7.3 (m, 4H, Py-H3 and Py-H5), 7.33 (m, 8H, BAr-H2), 7.00 (t, 
3J(H,H)= 7.4 Hz, 8H, BAr-H3), 6.85 (t, 3J(H,H)= 7.4 Hz, 4H, BAr-H4), 4.65 (m, 4H, N-CH-Py and Rh-CH2-CH-O), 
4.29 (d{AB], 2J(H,H) = 15.0 Hz, 2H, N-CH-Py), 2.84 (m, 2H, N-CH-CH2-CH2-CH3), 2.22 (dt, 3J(H,H) = 7.5 Hz, 
2J(Rh,H) = 2.3 Hz, 2H, Rh-CH-CH2-O-), 1.70 (m, 2H, N-CH2-CH-CH2-CH3), 1.63 (s, 3H, Rh-NCCH3), 1.44 (m, 2H, 
N-CH2-CH2-CHr CH3), 0.83 (t, 3J(H,H) = 7.2 Hz, 3H, N-CH2-CH2-CH2-CH3).
[3c]BPh4
(k2 -O,C-2-oxyethyl)-(k3 -N-benzyl-N,N-di(2-pyridylmethyl)amine)-rhodium(I)-tetraphenylborate 
[3c]BPh4 was prepared by a procedure similar to that of [3a]BPh4, using [2c]BPh4.
The only difference is that the reaction was performed at a temperature of -200C. Yield: 35 %.
'H-NMR (200.13 MHz, CD2Cl2, 298 K) 5 = 8.74 (d, 3J(H,H) = 5.6 Hz, 2H, Py-H6), 7.92 (ddd, 3J(H,H) = 7.8 Hz, 
3J(H,H) = 7.8 Hz, 4J(H,H) = 1.4 Hz, 2H, Py-H4), 7.6-7.4 (m, 4H, Py-H5 and Py-H3), 7.0-7.5 (m, 5H, Ph), 7.29 (m, 8H, 
BAr-H2), 6.96 (t, 3J(H,H) =7.4 Hz, 8H, BAr-H3), 6.82 (t, 3J(H,H) =7.4 Hz, 4H, BAr-H4), 4.74 (t, 3J(H,H) = 7.5 Hz, 
2H, Rh-CH2-CH2-O-), 4.45 (d[AB], 2J(H,H) = 16.6 Hz, 2H, N-CH2-Py), 4.39 (d[AB], 2J(H,H) = 16.6 Hz, 2H, N-CH- 
Py), 3.86 (s, 2H, N-CH-Bz), 2.29 (dt, 3J(H,H) = 7.5 Hz, 2J(Rh,H) = 2.5 Hz, 2H, Rh-CH2-CH2-O-), 1.65 (s, 3H, 
CH3CN). FAB+-MS (m/z): 477 [M]+, 391 [M-C2H4O-CH3CN-H]+.
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On the Role of 2-Metallaoxetanes in Catalytic Oxidation of Olefins
Bas de Bruin and Anton W . Gal
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1. O n  the  role of 2-rhodaoxetanes in rhod ium  catalysed oxidation of olefins
Despite the multitude o f proposed mechanisms, the rhodium catalysed olefin oxidation reactions 
described in the introductory chapter 1 show the following similarities:
-Terminal olefins are generally converted to methylketones, regardless whether oxidation is 
performed with alkylhydroperoxides, hydrogenperoxide or O2.
-Oxidation with O2 in nearly all cases requires the use o f a sacrificial reductant and acid, or Cu(II) as 
a cocatalyst. For the latter, circumstantial evidence for involvement o f H2O2 has been provided.
It seems, as has also been suggested by other authors, that a common intermediate might be 
involved in all these reactions. 2-Rhodaoxetanes, which are readily obtained from stoichiometric 
oxidation o f Rh^olefin) complexes with H2O2 and in some cases O2, are likely candidates.
The isolated, unsubstituted 2-rhodaoxetanes described in chapter 3 (upon heating or in the presence 
o f acid) and chapter 4 (spontaneously at r.t.) decompose by elimination o f acetaldehyde, presumably 
via initial ß -hydrogen elimination and subsequent reductive elimination o f acetaldehyde from the 
thus formed cis-formylmethyl-hydride intermediate. In analogy, the methylketones that result from 
catalytic oxidation o f a-olefins could also result from ß-substituted 2-rhodaoxetane intermediates. 
The results o f chapter 4 clearly indicate the potential involvement o f rhodium-olefin complexes and 
2-rhodaoxetanes in the catalytic cycle for olefin oxidation. However, it seems that the coordinatively 
unsaturated rhodium(I) species, resulting from elimination o f acetaldehyde, fail to regenerate the 
rhodium(I)-olefin complexes in the presence o f both olefin and H 2O2. They seem to deactivate 
because they react faster with H 2O2 than with the olefin. However, we do not feel this is a “ dead 
end” for catalytic activity. First, this problem might not play a role in oxidations with O2 or low 
concentrations o f (in situ generated) H 2O2. Furthermore, olefin-oxidant competition in favour o f the 
olefin might be promoted by a hydrophobic environment. Thus, the [(“N 3” )Rh!(ethene)]+ complexes 
imbedded in molecular sieves might well have some catalytic potential in olefin oxidation (in 
analogy o f the Enichem process for epoxidation o f propene with H 2O2 and TiIV in silicalite TS1, see 
chapter 1).
2. O n  the role of 2-m etallaoxetanes in epoxidation of olefins
A cis-hydrido-formylmethyl iridium(III) complex has been obtained by reaction of ethylene oxide 
with [IrI(CgHi4)(PMe3)3(Cl)].[1] The mechanism proposed for this reaction involves formation o f a 
2-rhodaoxetane by oxidative addition o f the epoxide and subsequent ß -hydrogen elimination (ß - 
hydride shift). A similar mechanism has been proposed for the rhodium(I) catalysed isomerisation
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of epoxides to aldehydes and ketones, via a 2-rhodaoxetane intermediate (or a dipolar analogue 
thereof).[2] In accord with these observations, the unsubstituted 2-rhodaoxetanes described in 
chapter 3 and 4 do not eliminate ethylene oxide but acetaldehyde (either thermally or via initial 
protonation). For rhoda(III)- and irida(III)oxetanes, ß -hydrogen elimination is apparently favoured 
over reductive elimination o f an epoxide. In fact, reductive elimination o f an epoxide from an 
isolated 2-metallaoxetane has never been reported.
Oxidative addition reactions o f C-O bonds o f epoxides to Rh* and Ptn complexes have been 
reported.[3,4] Also it seems reasonable to assume that Rh^catalysed isomerisation[5] and 
hydrogenation[6] and carbonylation (insertion o f CO to give ß -lactones)[7] o f epoxides, as well as 
N i0-catalysed insertion o f CO2 into epoxides (to give cyclic carbonates)[8], involves oxidative 
addition to 2-metallaoxetane intermediates.
The above observations strongly suggest that in general (especially for late transition metals) the 
equilibrium between a 2-metallaoxetane and the isolated metal complex and epoxide, is in favour of 
the 2-metallaoxetane and that 2-metallaoxetanes do not decompose via reductive elimination but via 
other pathways such as ß -hydrogen elimination. In fact, formation o f C-O bonds by reductive 
elimination from alkyl-alkoxide complexes is extremely rare.[9] There are some examples of 
formation o f Caryl-O bonds in reasonable yields by oxidatively induced reductive elimination from 
aryl-alkoxide nickel (II) and spontaneous reductive elimination from palladium(IV) complexes.[10] 
Oxidatively induced reductive eliminations o f cyclic ethers (e.g. THF) from oxa-metallacyclic alkyl­
alkoxide nickel(II) complexes have only been realised in very low yield.[11] Elimination o f an 
epoxide from a 2-oxametallacyclobutane (2-metallaoxetane) would not only involve the apparently 
unfavourable reductive elimination o f a C-O bond, but also generation of a strained epoxide from a 
less strained oxa-metalla-cyclobutane. Direct reductive elimination o f epoxides from detectable (and 
thus relatively stable) 2-metallaoxetanes appears thermodynamically too much “up-hill” . Still, 
high-energy 2-metallaoxetanes (e.g. the seven-coordinate salen-manganaoxetanes proposed in the 
Kochi-Jacobsen-Katsuki-epoxidation) could be involved in epoxide formation as a non-detectable 
transition state rather than an intermediate. In that case, it would be very difficult to distinguish 
between a mechanism involving direct oxo transfer to the olefin, and a mechanism involving a 
2-metallaoxetane.
3. Possibilities fo r olefin insertion  into the  R h-O  bond of 2-rhodaoxetanes
The results presented in chapter 2 clearly demonstrate the potential reactivity o f 2-rhodaoxetanes 
towards olefins. The unprecedented insertion o f an olefin into the Rh-O bond o f a 2-rhodaoxetane 
suggests the possibility o f synthesis o f THF-derivatives by “ oxygenative coupling” o f two olefin 
fragments (Scheme 1).
O
N - ^ R h : 5o — i o c i
+ +
N
N
Scheme 1. Hypothetical “oxygenative coupling"of ethene and “O " to THF 
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Oxidation o f an ethene fragment would generate a 2-rhodaoxetane intermediate. Subsequent 
insertion of ethene into the Rh-O bond would lead to an (internally coordinated) 1-oxa-4-rhoda- 
cyclohexane fragment. Elimination o f this fragment by reductive elimination o f a C-C bond would 
then generate THF.
Such reactivity would have some resemblance with the M nO4- oxidation o f 1,5-hexadienes to THF- 
derivatives.[12] The mechanism proposed for this reaction is depicted in Scheme 2.
OH-,
HO O. 
HO
H2O
O O 
SMn
- O ' V a X b 'O O^J-'
Scheme 2. MnO4 oxidation of1,5-hexadiene to bis(hydroxymethyl)tetrahydrofuran[12]
In order to observe such reactivity, the oxygen atom of the 2-rhodaoxetane fragment and the 
coordinated ethene must be cis-oriented to both the Rh-O and the Rh-C bond (cis,cis-vacant site). 
Attempts to substitute the (cis-C, trans-O) coordinated CH3CN by (cis-C, trans-O) ethene in the 
2-rhodaoxetanes described in chapter 4 lead to elimination o f acetaldehyde at r.t. No insertion of 
ethene was observed. Dissociation o f the (labile) CH3CN ligand results in a vacant site at an 
unfavourable position for ethene insertion. Thus, the design o f a system with a (potential) vacant 
site cis,cis to a 2-rhodaoxetane fragment seems a worthwhile effort. The strict facially coordinating 
ligands Cn (1,4,7-triazacyclononane) and Cn* (1,4,7,-trimethyl-1,4,7-triazacyclononane) seem ideal 
candidates for this purpose. Preliminary experiments however indicate that the preparation of 
[(Cn*)Rh!(C2H4)2]+ is troublesome, due to oxidative addition o f vinylic C-H bond and formation of 
the vinyl-ethyl species [[(Cn*]Rh!II(CH=CH2)(CH2CH3)(L)]+ (L=Cl-, solv).[13] To circumvent these 
problems, the mixed carbonyl-ethene precursor [{(CO)(C2H4)RhI(^,2-Cl}2][14] could be used to 
synthesise [(Cn*)Rh!(C2H 4)(CO)]+. Oxidation of the latter might result in a 2-rhodaoxetane. The 
CO ligand is expected to dissociate rapidly from the resulting Rhm centre, thus creating the cis,cis 
vacant site.
One must keep in mind that the results and argumentations in chapter 4 indicate that 
2-rhodaoxetanes with a cis,cis vacant site will also be prone to elimination o f acetaldehyde. To 
circumvent such problems, it seems worthwhile attempting to prepare the 2-rhodaoxetanes under a 
relatively high ethene pressure.
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A bstrac t
Reaction o f [(BuBPA)RhI(cod)]PF6, [1]PF6, with 1 bar CO at r.t. results in facile formation o f the 
square planar compound [(BuBPA)RhI(CO)]PF6, [2]PF6 (BuBPA = N-butyl-N,N-di(2- 
pyridylmethyl)amine). In contrast, [(Cn*)Rh!(cod)]PF6, [6]PF6 (Cn* = 1,4,7-trimethyl-1,4,7- 
triazacyclononane), shows no reactivity towards 1 bar CO at r.t. Reaction o f [6]PF6 with 50 bar CO 
(r.t.) yields only minor amounts o f the mononuclear carbonyl complex [(Cn*)Rh(CO)2]PF6, [7]PF6. 
Reaction o f the square planar carbonyl compound [2]PF6, or its dinuclear analogue 
[(OC)RhI(TPPN)RhI(CO)](PF6)2, [4](PF6)2, with 50 bar CO results in formation o f di- and tetra- 
nuclear tris-(mi2-CO) bridged compounds (TPPN= tetrakis-(2-pyridylmethyl)-1,3-propanediamine). 
The reaction o f Cn* with [{(CO)2Rh(|i-Cl)}2] in methanol at 00C, followed by addition o f NH 4PF6, 
results in the formation o f [7]PF6, the dinuclear carbonyl complex [(Cn*)Rh(|i- 
CO)3Rh(Cn*)](PF6)2, [8](PF6)2, and the dinuclear methoxycarbonyl complex 
[(Cn*)Rh(C(O)OM e)(|i-CO)2Rh(Cn*)]PF6, [9]PF6. Reaction o f [8 ](PF6)2 with NaOMe in MeOH 
results in selective formation o f [9]PF6 by methoxide attack at a bridging carbonyl. Treatment of 
[9]PF6 with NH 4PF6 regenerates [8](PF6)2, thus showing that methoxylation o f [8](PF6)2 is 
reversible. The structures o f [7]PF6, [8](PF6)2 and [9]PF6 have been determined by single crystal 
X-ray diffraction. For [9]PF6 an unprecedented, reversible, migration o f the C(O)OMe ligand 
between the two rhodium centres o f the Rh(|i-CO)2Rh core is observed.
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1. In troduction
Tridentate N-donor ligands (“N 3” -ligands) have thusfar found limited application in the 
organometallic chemistry o f rhodium. For [“N 3”Rh!(cod)]+, in which “N 3” is the cyclic triamine 
ligand Cn* (1,4,7-trimethyl-1,4,7-triazacyclononae) or the podal pyridine-amine-pyridine ligand 
BuBPA (N-butyl-N,N-di(2-pyridylmethyl)amine), we have recently reported selective oxidation of 
the cod ligand by H2O2 to an oxa-bicyclononadiyl fragment which rearranges to a hydroxy­
cyclooctenediyl fragment.[1] In an extension o f our explorative studies on structure and reactivities 
o f “N 3”Rh sites, we now report on the carbonyl chemistry o f mononuclear [(Cn*)Rh!]+ and 
[(BuBPA)Rh!]+ and dinuclear [RhI(TPPN)RhI]2+ fragments (TPPN= tetrakis-(2-pyridylmethyl)-1,3- 
propanediamine).
2. R esults and  discussion:
2.1 C arbonyl complexes w ith  pyrid ine-am ine-pyrid ine ligands
Reaction o f [(BuBPA)RhI(cod)]PF6 (cod = Z,Z-1,5-cyclooctadiene), [1]PF6, with 1 bar CO in 
CH3CN results in facile substitution o f cod by CO, and formation o f the expected square planar 
carbonyl complex [(BuBPA)RhI(CO)]PF6, [2]PF6. Cation [2]+ was also obtained by reaction in 
MeOH of BuBPA and [{(CO)2Rh(|i-Cl)}2] in a 2:1 molar ratio. Addition o f N H 4PF6 lead to the 
precipitation o f yellow [2]PF6. In the conversion o f [1]+ to [2]+ the coordination mode o f BuBPA 
ligand changes from fac^] to m er.[2] See Scheme 1.
[{(CO)2Rh(mi 2 - C p y  
M eO H , r.t. 
NH 4P F 6
PF6-
1 bar C O  
C H 3CN
B[1]+
PF6-
Scheme 1. Synthesis o f carbonyl complex [2]PF6 via reaction of[1]PF6 with CO and reaction o f 
BuBPA with [{(CO)2Rh(ß2-Cl)}2].
+
+
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Treatment o f [2]PF6 with 50 bar CO for approx. 7 days results in partial conversion (approx. 15%) 
to the dinuclear, dicationic complex [(BuBPA)Rh(|t-CO)3Rh(BuBPA)](PF6)2, [3](PF6)2, as was 
observed by 1H-NM R (Scheme 2).
Scheme 2. Synthesis o f tris-ß-carbonyl bridged dinuclear [3]2+ and tetranuclear [5]4+ from [2]+ 
and [4]2+ with 50 bar CO.
Fab-Ms (m/e= 945, 917) and FT-IR spectra (V(CO)= 1832 cm-1 (KBr)) are in accordance with the tris­
ti -carbonyl bridged structure. Attempts to prepare [3](PF6)2 in high yield were unsuccessful, which 
might indicate an equilibrium between [3]2+ and [2]+ in the presence o f CO. In accordance with this, 
[3](PF6)2 is unstable in the solid state at r.t. in the absence o f CO, and converts to [2]PF6 within 
days. Heating o f the isolated mixture o f [2]PF6 and [3](PF6)2 in acetonitrile to 50oC for 2 hours 
results in full conversion o f the contained [3](PF6)2 to [2]PF6.
Dicationic complex [(OC)RhI(TPPNRhI(CO)]2+, [4]2+, a dinuclear analogue o f [2]+, was prepared by 
reaction in M eOH of TPPN with [{(CO)2Rh(|t-Cl)}2] in M eOH in a 1:1 molar ratio; Addition of 
NH 4PF6 lead to the precipitation o f yellow [4](PF6)2.
In contrast to the reaction o f [2]PF6, the reaction o f [4](PF6)2 in CH3CN with 50 bar CO is almost 
complete within 4 days. The tetranuclear complex [5]4+ is formed, with two tris-|t-carbonyl bridges 
(Scheme 2). The V(co) bands at 1838 and 1828 cm-1 (CH3CN) and 13C-NM R triplets at 5 = 215 
(1/e-Rh= 29.1 Hz) and 8 = 213 (1JC-Rh =  29.1 Hz) in approx. intensity ratio o f 2:1, are indicative for 
the tris-|t-carbonyl bridges. 1H-NM R and 13C-NMR signals for the TPPN ligand show that [5]4+ has 
effective D 2h symmetry in solution (8 equivalent pyridyl-fragments). The TPPN ligand in [5]4+ is 
fac-coordinated, as indicated by 1H-NOESY N M R.[3]
In contrast to [3]2+, [5]4+ is stable at r.t. Heating [5](PF6)4 in CH3CN to 80oC results in approx. 20% 
conversion to [4](PF6)2 in 2 hours.
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2.2 Carbonyl complexes with Cn*
In contrast to [1]PF6, no reaction was observed upon treatment o f [(Cn*)RhI(cod)]PF6, [6]PF6, in 
CH3CN with 1 bar CO. Treatment with 50 bar CO for 2 days resulted in approx. 20% conversion to 
the mono-nuclear carbonyl complex [(Cn*)Rh(CO)2]PF6, [7]PF6 (Scheme 3).
n +
k ^ R h - c o
PFc
\ 
Co
[7]+
I o o 2+[<a H / N °  
o
[8]2+ O
( PF6 )2
nh4p f6
I O OSKH / N S i-  R h -N C  1
n + p f c
¿>N\
-;Rh
o ^
[9]+
Scheme 3. Synthesis o f carbonyl complexes [7]PF6, [8](PFe)2  and [9]PFß.
The reduced reactivity towards CO of [6]+, compared to [1]+, could well be related to the lower 
tendency o f the Cn*-ligand to be k2-coordinated. Carbonyl complexes o f [(Cn*)RhI]+ were prepared 
more easily by reaction o f Cn* with [ |(C O )2Rh(mt-Cl)}2]. Reaction o f Cn* with [{(CO)2Rh(|i-Cl)}2] 
in methanol at 00C, followed by addition o f NH4PF6, lead to the precipitation o f a mixture o f yellow
[8](PF6)2 and orange [9]PF6. Upon cooling o f the filtrate, further precipitation o f [8](PF6)2 and
[9]PF6 occurred, and a few bright-orange crystals o f [7]PF6 deposited (Scheme 3).
From the solid mixture that was obtained by filtration, the crystals o f [7]PF6 were removed by hand. 
W e were able to interconvert [8](PF6)2 and [9]PF6 in the resulting mixture; Reaction with approx. 
5.5 mol NaOM e per mol o f [8](PF6)2 in M eOH at r.t. resulted in quantitative formation o f [9]PF6. 
Treatment o f the same mixture with approx. 7 mol NH 4PF6 per mol o f [9]PF6 in MeOH under 
reflux resulted in quantitative conversion to [8](PF6)2 (Scheme 3). [8](PF6)2 and [9]PF6 were 
isolated as pure compounds via these procedures. Attempts to prepare [8](PF6)2 by refluxing an
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acetone solution o f [7]PF6 resulted in almost quantitative recovery o f [7]PF6. Attempts to prepare
[7]PF6 by exposure o f an acetone solution o f [8](PF6)2 to 40 bar CO were also unsuccessful.
2.3 S tru c tu re  of [7]PF6
The structure o f [7]PF6 was determined by single crystal X-ray diffraction (Figure 1)
Selected bond lengths and angles are given in Tables 1 and 2.
Figure 1. Crystal structure o f cation [7]+.
Cation [7]+ contains two terminal carbonyl groups. The coordination geometry can best be described 
as trigonal bipyramidal. The equatorial positions are occupied by one carbonyl and two nitrogens of 
the Cn* ligand; the axial-positions by the second carbonyl and the third nitrogen o f Cn*.
Remarkably, the nitrogens in the trigonal plane (N4 and N5) span the smallest N-Rh-N angle 
(76.41(11)° ). This deviation from ideal trigonal bipyramidal geometry has also been observed for 
[(Cn*)RhI(cod)]+, [6]+, as described in chapter 2.
The axial Rh-N distance (Rh1-N31: 2.139(3) Â) is shorter than the equatorial Rh-N distances. 
(Rh1-N4: 2.261(3) Â, Rh1-N6: 2.320(3) Â). The Rh-C and C-O distances of the equatorial and the 
axial carbonyl groups o f cation [7]+ are equal within the experimental error (averaged distances: 
Rh-C: 1.83 Â, C-O: 1.14 Â) and are comparable to those in known five-coordinate “L3”RhI(CO)2 
complexes.[4,5] In contrast to [7]+, these are all neutral complexes containing a monoanionic ligand, 
mostly a Cp-derivative. (Observed range in Rh-C distances: 1.824-1.867 Â, C-O distances: 1.109­
1.154 Â.) Thusfar, the hydrotrispyrazolylborate (TpR,R) complex [(TpCF3,Me)RhI(CO)2] was the only
five-coordinate “N 3”RhI(CO)2 complex with a reported X-ray structure.[5] In this complex, one of 
the three pyrazolyl groups is only weakly bound to the apical position in a square pyramidal
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geometry (Rh-N: 2.636(5)). The basal Rh-N distances are 2.116(4), 2.114(5) Â. Other reported bond 
lengths are: Rh-C: 1.824(7), 1.832(9) Â, C-O: 1.145(12), 1.146(9) Â. In solution 
[(TpCF3,Me)Rh!(CO)2] behaves like other [TpR,R Rh!(CO)2] derivatives in that it gives rise to
equilibria between four- and five-coordination in solution.[6]
The positions o f the terminal v co bands in the IR spectra o f [7]PF6 in the solid state (KBr: 2054 and 
1962 cm-1) differ significantly from those in solution (CH3CN: 2063 and 1980 cm-1). A square 
pyramidal or even a square planar geometry for [7]PF6 in solution can therefore not be excluded. 
The latter geometry however seems unlikely, as it would require the rather rigid Cn* ligand to be 
K2-coordinated in solution. The 1H-NM R spectrum o f [7]PF6 in [D6]-acetone or CD3CN shows one 
singlet for the three N-CH3 groups o f the Cn* ligand and one A A ’B B ’-multiplet pattern for its 
diastereotopic N-CHaHb- protons. The 13C-spectrum o f [7]PF6 shows only one doublet at 5 = 189 
(1/ C-Rh = 73 Hz) for both carbonyl groups. The equivalence o f its N-CH2- and its N-CH3 groups in
1 13the H-NM R spectrum and the two carbonyls in the C-spectrum (r.t.) must result from rapid 
exchange o f positions by Cn* nitrogens and carbonyl carbons.
Table 1. Selected bond lengths [Ä] for [7]PFß, [8](PFe) 2 and [9]PFe[a]
[7]+ [8a]+ [b] [8b]+ [b] [9]+
N31-Rh1 2.139(3) 2.220(8) 2.213(9) 2.265(5)
N32-Rh2 2.197(10) 2.200(11) 2.257(6)
N4-Rh1 2.261(3) 2.189(7) 2.190(8) 2.278(6)
N5-Rh1 2.320(3) 2.189(7) 2.190(8) 2.256(5)
N6-Rh2 2.200(7) 2.194(7) 2.275(5)
N7-Rh2 2.200(7) 2.194(7) 2.262(5)
C1-Rh1 1.842(4) 2.049(9) 1.999(10) 2.114(8)
C1-Rh2 2.050(10) 1.993(11) 2.709(10)
C2-Rh1 1.827(4) 1.995(8) 2.010(8) 1.998(6)
C2-Rh2 2.014(8) 1.999(9) 1.910(6)
C3-Rh1 1.995(8) 2.010(8) 1.986(7)
C3-Rh2 2.014(8) 1.999(9) 1.907(7)
C1-O1 1.136(5) 1.121(12) 1.170(13) 1.216(9)
C2-O2 1.141(5) 1.166(10) 1.167(11) 1.189(8)
C3-O3 1.166(10) 1.167(11) 1.202(8)
C1-O4 1.355(9)
C4-O4 1.436(9)
Rh1-Rh2 2.5888(14) 2.5930(12) 2.6512(6)
[a] For atom labelling see Figure 1, 2 and 3.
[b] In correspondence with atom labelling for [9]+, the symmetry related atoms of N4, N6, C2 and O2 (obtained by 
applying m) in [8A]2+ and [8B] 2+ (independent cations in the unit cell), are presented as N5, N7, C3 and O3, respectively, 
for reasons of comparison.
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Table 2. Selected bond angles [°] for [7]PFß, [8](PFe) 2 and [9]PFe [a]
[7]+ [8a]+ [b] [8B]+[b] [9]+
N31-Rh1-N4 81.87(10) 81.8(3) 81.1(3) 79.5(2)
N31-Rh1-N5 79.41(10) 81.8(3) 81.1(3) 79.2(2)
N4-Rh1-N5 76.41(11) 81.0(4) 80.8(4) 79.5(2)
N32-Rh2-N6 81.1(3) 81.3(3) 78.6(2)
N32-Rh2-N7 81.1(3) 81.3(3) 78.4(2)
N6-Rh2-N7 81.0(4) 81.2(4) 79.4(2)
N31-Rh1-C1 177.65(14) 179.6(4) 178.4(5) 172.5(3)
N32-Rh2-C1 179.2(4) 179.1(5)
N31-Rh1-C2 95.91(14) 97.2(3) 97.6(4) 97.0(2)
N32-Rh2-C2 98.6(3) 97.7(3) 107.5(2)
N31-Rh1-C3 97.2(3) 97.6(4) 93.6(2)
N32-Rh2-C3 98.6(3) 97.7(3) 104.2(3)
N4-Rh1-C1 95.79(13) 98.5(3) 100.1(3) 96.6(3)
N4-Rh1-C2 144.29(18) 96.6(3) 97.3(4) 98.0(2)
N4-Rh1-C3 177.5(3) 177.8(3) 173.1(2)
N5-Rh1-C1 100.14(14) 98.5(3) 100.1(3) 93.8(3)
N5-Rh1-C2 138.52(17) 177.5(3) 177.8(3) 175.7(2)
N5-Rh1-C3 96.6(3) 97.3(4) 99.3(2)
N6-Rh2-C1 98.3(3) 99.4(3)
N6-Rh2-C2 97.1(3) 96.8(3) 96.9(3)
N6-Rh2-C3 178.1(3) 177.9(3) 174.1(3)
N7-Rh2-C1 98.3(3) 99.4(3)
N7-Rh2-C2 178.1(3) 177.9(3) 172.4(2)
N7-Rh2-C3 97.1(3) 96.8(3) 96.0(2)
O1-C1-Rh1 177.6(4) 140.8(8) 138.7(9) 126.6(6)
O1-C1-Rh2 140.9(8) 140.3(9)
O2-C2-Rh1 176.8(4) 141.5(7) 139.1(8) 134.7(5)
O2-C2-Rh2 137.9(7) 140.2(8) 139.9(5)
O3-C3-Rh1 141.5(7) 139.1(8) 134.8(5)
O3-C3-Rh2 137.9(7) 140.2(8) 139.4(5)
Rh1-C1-Rh2 78.3(3) 81.0(4)
Rh1-C2-Rh2 80.4(3) 80.6(3) 85.4(3)
Rh1-C3-Rh3 80.4(3) 80.6(3) 85.8(3)
C1-Rh1-C2 85.95(16) 82.5(3) 81.2(3) 89.9(3)
C1-Rh2-C2 82.0(3) 81.6(3)
C1-Rh1-C3 82.5(3) 81.2(3) 90.3(3)
C1-Rh2-C3 82.0(3) 81.6(3)
C2-Rh1-C3 85.8(5) 84.6(6) 82.7(3)
C2-Rh2-C3 84.8(5) 85.2(5) 87.2(3)
C1-Rh1-Rh2 50.8(3) 49.4(3) 68.2(3)
C2-Rh1-Rh2 50.1(2) 49.5(3) 45.9(2)
C3-Rh1-Rh2 50.1(2) 49.5(3) 45.8(2)
C1-Rh2-Rh1 50.8(2) 49.6(3)
C2-Rh2-Rh1 49.5(2) 49.9(2) 48.7(2)
C3-Rh2-Rh1 49.5(2) 49.9(2) 48.4(2)
O1-C1-O4 120.3(7)
O4-C1-Rh1 112.6(5)
C1-O4-C4 115.2(6)
[a] For atom labelling see Figure 1, 2 and 3.
[b] In correspondence with atom labelling for [9]+, the symmetry related atoms of N4, N6, C2 and O2 (obtained by 
applying m) in [8A]2+ and [8B] 2+ (independent cations in the unit cell), are presented as N5, N7, C3 and O3, respectively, 
for reasons of comparison.
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2.4 S tru c tu re  of [8](PF6)2
Bright yellow crystals o f compound [8](PF6)2 were obtained from a saturated M eOH solution. From
2+one o f these crystals the structure o f cation [8] was determined by X-ray diffraction (Figure 2). 
Selected bond lengths and angles are given in Tables 1 and 2.
Figure 2. Crystal structure o f cation [8 a]2+.
In the crystal structure two independent cations, [8A]2+ and [8B]2+, are found per unit cell. Each 
cation only slightly deviates from C2v symmetry. A crystallographic mirror-plane passes through 
Rh1, Rh2 and C1. The two rhodium centers are bridged via three carbonyl groups. The coordination 
geometry o f the two (|t-CO)3-bridged rhodium atoms can best be described as distorted octahedral. 
In contrast to [7]+, all N-Rh-N angles in [8A]2+ and [8B]2+ are found at approx. 81°.
The rather short Rh-Rh distances o f the two independent cations, Rh1A-Rh2A 2.5888(14) and 
Rh1B-Rh2B 2.5930(12) Â, are in accordance with a Rh-Rh single bond, resulting from application 
o f the 18VE rule. Theoretical calculations however indicated that the actual M -M  bond in M (d8)(|t- 
CO)3M(d8) systems is w eak.[7] The various Rh-N, Rh-C and C-O distances are equal within 
experimental error (averaged distances: Rh-N: 2.20 Â, Rh-C: 2.01 Â, C-O: 1.16 Â). There are a 
few literature reports o f complexes containing the [Rh(|t-CO)3Rh]2+-core.[8] The distances and 
angles o f the [Rh(|t-CO)3Rh]2+ core in [8](PF6)2 compare well with those o f [Rh(|t-CO)3Rh]2+-cores 
that have previously been been characterised by single crystal X-ray diffraction; They involve “N3” - 
ligands, viz. methyl(trispyrazolyl)gallate[9] and two macrocyclic hexaamine-type ligands,[10] and a 
tripod “ O3” -ligand.[11] On the basis o f spectral and analytical data, complexes containing the [Rh(|i- 
CO)3Rh]2+ core have been proposed with the “N 3” -ligands tris(pyrazolyl-1-yl)methane,[12] a 
macrocyclic hexaamine[13] and hydrotris(pyrazolyl)borate.[14] For the “ S3” -ligand 2,5,8-trithia[9]-o- 
cyclophane it was reported that [“ S3”R h(|i2-CO)3Rh” S3” ]2+ is in equilibrium with two 
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[“ S3”Rh(CO)2]+ species,[15] in marked contrast with our failure to interconvert 
[“N 3”R h(|i 2-CO)3Rh”N 3” ]2+ and [“N 3”Rh(CO)2]+ (vide supra).
The IR band at 1810 cm -1 (CH3CN) and the 13C-NMR triplet at 5 = 222 (1J C-Rh= 28.7 Hz) indicate 
that the tris-|i-carbonyl bridge is maintained in solution. The 1H-NM R and 13C-NMR signals for the 
two Cn* ligands show that [8 ]2+ has effective D3h symmetry in solution. In the 1H-NM R spectrum in 
[D6]-acetone the chemically inequivalent endo- and exo-protons o f the N-CH2- groups are observed 
as one singlet but in CD3CN they are observed as the expected A A ’B B ’- multiplet 
Compound [8 ](PF6)2 must be stored in the dark, since exposure to normal (glas-filtered) daylight 
results in a colour change from yellow, via intermediate green, to dark blue,[16] both in the solid 
state and in CH3CN solution. The nature o f the resulting blue compound is currently under 
investigation.[17]
2.5 S tru c tu re  of [9]PF6
Pale orange crystals o f [9]PF6 were obtained from a saturated M eOH solution, and the structure of 
cation [9]+ was determined by X-ray diffraction (see Figure 3). Selected bond lengths and angles are 
given in Tables 1 and 2.
Figure 3. Crystal structure o f cation [9]+
Comparison o f Figure 2 and Figure 3 shows that one of the three |i-carbonyl groups in [8 ]2+ has 
been converted to a methoxycarbonyl group in [9]+. This group is bound to only one o f the two 
rhodium centres, at a Rh1-C1 distance o f 2.114(8) Â, thus leaving the other rhodium centre 
apparently coordinatively unsaturated at a Rh2-C1 distance o f 2.709(10) Â. The Rh1-C1 distance in 
[9]+ is relatively long compared to those in previously reported Rh-C(O)OR complexes, viz.
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1.918(9),[18] 2.041(5)[19] and 2.088(11)[20]Â. These complexes are all Rhm-complexes. Ir-C distances 
in Ir-C(O)OR complexes have been found in a range from 2.005 to 2.084 Â ,[21] with the exception 
o f a value o f 2.20(4) Â reported for Ir-C(O)OMe in [Ir4(CO)11(C(O)OMe)]-.[22]
The Rh-Rh distance in [9]+, 2.6512(6) Â, is somewhat elongated compared to that in [8]2+, perhaps 
indicating the absence o f a Rh-Rh bond in [9]+. This would make Rh1 an 18 VE, six-coordinate 
Rh(I)-site and Rh2 a 16VE, five-coordinate Rh(I) site. Strikingly, the Rh-N distances o f the Cn* 
ligands in [9]+ are found to be equally long for Rh1 and Rh2. Also there appear to be no significant 
differences between the Rh-N distances for N  trans to | -CO and N  trans to the methoxycarbonyl- 
group or the vacant site. The average Rh-N distance in [9]+, 2.26 Â, is approx. 0.06 Â longer than in
[8]2+. The largest difference between [8]2+ and [9]+ is seen in the bonding o f the bridging carbonyls. 
The addition o f a methoxy anion to one o f the three carbonyls in [8]2+ has resulted in an asymmetric 
mode o f coordination o f the remaining two bridging carbonyls. They are bound approx. 0.1 Â more 
tightly, and their Rh-C-O angles are approx. 5° less acute, for the “ coordinatively unsaturated” Rh2. 
The Rh1-C2 and Rh1-C3 distances in [9]+ are comparable to those for [8]2+. In the IR spectrum of
[9]PF6 (KBr), three C-O stretching modes at 1771(w), 1708(s) and 1607(m) are observed. The first 
two are considered to be |t-CO vibrations, the latter is assigned to the carbonyl group o f the 
C(O)OMe fragment. The appearance o f a peak at m/z= 777 ([M-OMe]+), besides the parent ion 
peaks at m/z= 808 ([M]+) and m/z= 663 ([M-PF6]+), in the FAB-MS spectrum shows loss o f M eO- 
under FAB-conditions.
2.6 Fluxional behav iour of [9]+: C(O )O M e m igration
The IR spectrum of [9]PF6 in CH3CN (v (CO) 1774 (w), 1715 (s), 1618 (m) ) is quite similar to that 
recorded in KBr, indicating that the structure o f [9]+ is maintained in solution. In the 1H-NM R 
spectrum of [9]+ the methoxy protons are observed as a singlet at 3.5 ppm. In [D6]-acetone at r.t. 
only two singlets are observed for both Cn* groups, one for all the N-CH3 groups and one for all the 
N-CH2- groups. In the 1H-NOESY spectrum of [9]PF6, NOE contacts are observed between the 
methoxy-group and the methyl and methylene protons o f the Cn* ligands. As is observed for [8]2+, 
in CD3CN the N-CH2- signal splits into an A A ’B B ’-pattern. Apparently [9]+ has effective D 3h 
symmetry in which the two Cn* ligands, and the N-CH2- and N-CH3 groups within the Cn* ligands 
are equivalent on N M R timescale. In the r.t. 13C-spectrum in CD3CN, the 18 carbons in the two 
distinct Cn* ligands found in the X-ray structure give only two averaged 13C signals, one at 5 = 58.0 
for the twelve N-CH2- carbons and one at 5 = 51.5 for the six N-CH3 carbons. This must result from 
a fast equilibrium in solution. Two triplet signals are observed for the carbonyl carbons, one at 5 =
248.1 (1jRh-C = 37.5 Hz) for the two equivalent |t-CO groups and one at 8 = 179.9 (1jRh-C = 17.3 Hz) 
for the carbonyl o f the C(O)OMe ligand, with relative intensity o f 2:1, respectively. The apparently 
equal coupling o f the C(O)OMe carbonyl signal with both rhodium centres must be the result o f a 
rapid migration o f the methoxycarbonyl ligand between Rh1 and Rh2 (Figure 4). As a result, each 
Rh-atom becomes alternately five- and six-coordinate. The observed apparent 1jRh-C o f 17.3 Hz is 
quite small compared to that in Rh-C(O)OR compounds (31-55 H z).[19-21] It converts to an actual 
value o f 34.6 Hz, comparable to the literature values, under the assumption that 3jRh2-C in the static 
structure o f [9]+ is close to zero.
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Figure 4. Proposed mechanism o f methoxycarbonyl migration in [9]PF6.
W e propose that the observed averaging o f N M R signals for the N-CH2- and the N-CH3 groups of 
the two Cn* ligands in [9]+ results from a combination o f two fast processes: reversible migration of 
the C(O)OMe ligand between both Rh-centres, and exchange o f nitrogen donor atom positions at 
the five-coordinate rhodium centre. The latter is also observed in five-coordinate [7]+ (vide supra).
3. Conclusions
Reaction o f [(BuBPA)RhI(cod)]PF6, [1]PF6, with CO results in formation o f the square planar 
compound [(BuBPA)RhI(CO)]PF6, [2]PF6. Treatment o f [2]PF6 and its dinuclear analogue 
[(OC)Rh!(TPPN)Rh!(CO)]( PF6)2, [4](PF6)2, with 50 bar CO results in the tris-|l-carbonyl bridged 
complexes [3]2+ and [5]4+. This reflects the fac- / mer- flexibility o f the pyridine-amine-pyridine 
ligands. In the absence o f CO, [3]2+ and [5]4+ are both thermodynamically less stable than their 
square planar precursors [2]+ and [4]2+. Compared to its pyridine-amine-pyridine analogue [1]+, the 
cyclic triamine complex [(Cn*)Rh\cod)]+, [6]+, shows a reduced reactivity towards CO. Apparently, 
the facially coordinating Cn* has a reduced tendency to be k2-coordinated, thus preventing 
formation o f a vacant site in [6]+.
Reaction o f Cn* with [ |(C O )2Rh(|i-Cl)}2] followed by addition o f NH 4PF6 results in a mixture of 
[(Cn*)Rh(|i-CO)2]PF6, [7]PF6, [(Cn*)Rh(^-CO)3Rh(Cn*)](PF6)2, [8 ](PF6)2, and 
[(Cn*)Rh(C(O)OM e)(|i-CO)2Rh(Cn*)]PF6, [9]PF6. Reaction o f [8](PF6)2 with NaOM e results in 
formation o f [9]PF6 by methoxide attack at a bridging carbonyl. Treatment o f [9]PF6 with NH 4PF6 
regenerates [8](PF6)2, thus showing that methoxylation o f [8](PF6)2 is reversible. For [9]PF6 an 
unprecedented, reversible, migration o f the C(O)OMe ligand between the two rhodium centres of 
the Rh(|i-CO )2Rh core is observed.
4. Experimental Section 
General methods
All procedures were performed under N2 using standard schlenk techniques. Solvents (p.a.) were deoxygenated by 
bubbling through a stream of N2 or by the freeze-pump-thaw method. The temperature indication r.t. corresponds to ca. 
20oC. [{(CO)2Rh(|>Cl)}2][23] and TPPN[24] were prepared according to literature procedures. 1,4,7-trimethyl-1,4,7- 
triazacyclononane (Cn*) was generously supplied by Unilever Research. We have previously described the synthesis 
and characterisation of BuBPA and the RhI(cod) complexes [1]PF6 and [6]PF6.[25] All other chemicals are commercially 
available and were used without further purification.
NMR experiment were carried out on a Bruker DPX200 (200 MHz and 50 MHz for 1H and 13C respectively), a Bruker 
AC300 (300 MHz and 75 MHz for 1H and 13C respectively) and a Bruker WM400 (400 MHz and 100 MHz for 1H and
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13C respectively). Solvent shift reference for 1H-NMR: [D6]-acetone §H = 2.05, CD3CN 8h = 1.98. For 13C-NMR: [D6]- 
acetone 5C = 29.50, CD3CN 5C = 1.28. Abbreviations used are s= singlet, d= doublet, dd= doublet of doublets, t= triplet, 
p= pentet, m= multiplet and br= broad. Elemental analysis (C,H,N) were carried out on a Carlo Erba NCSO-analyser. 
Mass Spectra (FAB) were recorded on a VG 7070 mass spectrometer or on a JEOL JMS SX/SX102A four sector mass 
spectrometer. FT-IR spectra were recorded on a Perkin Elmer 1720X spectrometer.
Synthesis
[2]PF6:
carbonyl-(ks-N-butyl-N,N-di(2-pyridylmethyl)amine)-rhodium(I) hexañuorophosphate
From reaction o f [1]PF6 with CO: 100 mg [1]PF6 was dissolved in 10 ml CH3CN, and a stream of CO was bubbled 
through the solution for 10 minutes. [2]PF6 was isolated in nearly quantitative yield by evaporation of the solvent.
From reaction o f BuBPA with [{(CO)2Rh(ß-Cl)}2]: 110 mg (0.28 mmole) [{(CO)2Rh(|>Cl)}2] and 140 mg (0.55 
mmole) BuBPA were dissolved in 200 ml MeOH. The resulting orange solution was stirred for 1 hour at r.t., and 
filtered. A solution of 350 mg NH4PF6 in 5 ml MeOH was added. Partial evaporation of the solvent caused the 
precipitation of [2]PF6 as a yellow solid. Yield 180 mg (61%).
1H-NMR (400.14 MHz, CD3CN): 5 = 8.33 (d, 3J(H,H) = 6.7 Hz, 2H, Py-H6), 7.88-7.33 (m, 6H, Py-H3, Py-H4, Py-H5),
4.80 (d[AB], 3J(H,H)= 16.0 Hz, N-CH2-Py), 4.21 (d[AB], 3J(H,H)= 16.0 Hz, N-CH2-Py), 2.76 (m, 2H, N-CHr C3H7), 
1.43 (m, 2H, N-CH2-CH2-C2H5), 1.14 (m, 2H, N-C2H4-CHr CH3), 0.67 (t, 3J(H,H) = 8.6 Hz, 3H, N-C3H6-CH3). 
13C{1H}-NMR (100.61 MHz, CD3CN, 298K) 5 = 190.0 (d, 1J(Rh,C) = 79.1 Hz, CO), 164.2 (Py-C2), 154.6 (Py-C6),
140.2 (Py-C4), 126.0 (Py-C3), 124.1 (Py-C5), 66.5 (N-CH2-Py), 62.1 (N-CH>-C3H7), 26.7 (N-CH2-CH2-C2H5), 21.0 (N- 
C2H4-CH2-CH3), 14.0 (N-C3H6-CH3). FT-IR (CH3CN, cm-1): 1994 v(CO). FAB-Ms; m/z. 386 [M-PF6]+, 917 [2M-PF6]+ 
Calculated for C17H21N3RhOPF6: C 38.44, H 3.98, N 7.91 Found: C 38.54, H 4.09, N 7.89.
[4]PF6:
bis-(carbonyl)-(ß 2-(bis-(3)-(tetrakis-(2-pyridylmethyl)-1,3-propanediamine)-bis-rhodium(I)-bis(hexafluorophosphate) 
100 mg (0.26 mmole) [{(CO)2Rh(|>Cl)}2] and 110 mg (0.25 mmole) TPPN were dissolved in 200 ml MeOH. The 
resulting orange solution was stirred for 1 hour at r.t., and filtered. A solution of 350 mg NH4PF6 in 5 ml MeOH was 
added. Partial evaporation of the solvent caused the precipitation of [4](PF6)2 as a yellow solid. Yield 183 mg (74%). 
1H-NMR (200.13 MHz, CD3CN): 5 = 8.20 (d, 3J(H,H) = 6.7 Hz, 4H, Py-H6), 7.99-7.33 (m, 12H, Py-H3, Py-H4, Py- 
H5), 4.80 (d[AB], 3J(H,H)= 16.0 Hz, 4H, N-CH2-Py), 4.18 (d[AB], 3J(H,H)= 16.0 Hz, 4H, N-CH2-Py), 2.80 (t, 
3J(H,H)= 6.6 Hz, 4H, N-CH2-CH2-), 1.90 (p, 3J(H,H)= 6.6 Hz, 2H, N-CH2-CH2-). 13C{1H}-NMR (100.61 MHz, 
CD3CN, 298K) 5 = 190.0 (d, 1J(Rh,C) = 79.0 Hz, CO), 163.9 (Py-C2), 154.7 (Py-C6), 140.3 (Py-C4), 126.2 (Py-C3),
121.7 (Py-C5), 66.8 (N-CH2-Py), 60.5 (N-CHrCH2-), 29.4 (N-CH2-CH2-). FT-IR (CH3CN, cm-1): 1994 v(CO). FAB- 
Ms; m/z. 845 [M-PF6]+, 700 [M-2PF6]+. Calculated for C29H30N6Rh2O2P2F12: C 35.17, H 3.05, N 8.49 Found: C 34.90, 
H 3.09, N 8.39.
[5](PF6)4:
bis- (tri-(|j,2-carbonyl)) -bis-(ß 2-(bis-(3)-(tetrakis-(2-pyridylmethyl)-1,3-propanediamine)-tetrarhodium(I)- 
tetra(hexafluorophosphate)
A solution of 100 mg [4](PF6)2 in 5 ml CH3CN was kept under 50 at. CO for 4 days. Evaporation of the solvent yielded
[5](PF6)4 as a yellow solid. 1H-NMR indicated the presence of only traces of [4](PF6)2 and almost quantitative yield of
[5](PF6)4.
1H-NMR (300.13 MHz, CD3CN): 5 = 8.69 (d, 3J(H,H) = 5.2 Hz, 8H, Py-H6), 7.99-7.40 (m, 24H, Py-H3, Py-H4, Py- 
H5), 4.80 (d[AB], 3J(H,H)= 16.0 Hz, 16H, N-CH2-Py), 4.18 (d[AB], 3J(H,H)= 16.0 Hz, 16H, N-CH2-Py), 2.80 (t, 
3J(H,H)= 7.9 Hz, 8H, N-CH2-CH2-), 1.90 (p, 3J(H,H)= 7.9 Hz, 4H, N-CH2-CH2-). 13C{1H}-NMR (75.47 MHz, CD3CN, 
298K) 5 = 214.9 (t, 1J(C,Rh)= 29.1 Hz, |I2-CO), 213.1 (t, 1J(C,Rh)= 29.1 Hz, |I2-CO), 160.1 (Py-C2), 150.1 (Py-C6), 
141.4 (Py-C4), 126.3 (Py-C3), 125.0 (Py-C5), 65.4 (N-CH2-Py), 63.5 (N-CHr CH2-), 17.7 (N-CH2-CH2-).
FT-IR (CsI, cm-1): 1838 (s), 1825 (sh) v(CO). FT-IR (CH3CN, cm-1): 1838 (s), 1828 (sh) v(CO). FAB-Ms; m/z. 1891 
[M-PF6]+, 1835 [M-CO-PF6]+. Calculated for [[5](PF6)3]+ (C60H60N12Rh4O6P3F18) m/z. 1890.990439; Found m/z. 
1891.004300 (A = -7.3).
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Preparation of a mixture of [7]PF6, [8](PF6)2 and [9]PF6.
In a typical experiment 200 mg (1.16 mmole) Cn* was dissolved in 15 ml MeOH and the resulting solution was cooled 
to 0oC. Subsequently 234 mg (0.6 mmole) [{(CO)2Rh(|>Cl)}2] was added and the orange solution was stirred for 
approximately 1 hour. Evolution of a slight amount of gas was noticed. Addition of 800 mg (4.91 mmole) NH4PF6, 
dissoved in 5 ml MeOH, to the reaction mixture caused the precipitation of a mixture of [8](PF6)2 and [9]PF6, which was 
collected by filtration. Combined yield 650 mg, ~ 60% based on [{(CO)2Rh(n-Cl)}2].
The filtrate was used to isolate a minor fraction of compound [7]PF6.
[7]PF6:
dicarbonyl-((3-1,4,7-trimethyl-1,4,7-triazacyclononane)-rhodium(I) hexañuorophosphate
[7]PF6 was obtained as bright orange crystals, suitable for X-ray diffraction, by cooling the filtrate of the above 
described reaction mixture to -30oC. Besides further precipitation of [8](PF6)2 and [9]PF6 a small amount of bright- 
orange crystals of [7]PF6 slowly deposited after some days. A few large crystals of [7]PF6 could be isolated (hand- 
picking) from the resulting solid mixture.
1H-NMR (200.13 MHz, CD3CN): 5 = 3.3-2.8 (m, 12 H, N-CHr), 3.19 (d, 9 H, 3JRh-H = 1 Hz, N-CH3). 13C-NMR (50.33 
MHz, CD3CN): 5 = 189 (d, 1JRh-C = 73 Hz, Rh-CO), 59.6 (N-CH-), 55.3 (N-CH3).
FT-IR (KBr, cm-1): 2054, 1962 v(CO). FT-IR (CH3CN, cm-1): 2063, 1980 v(CO). FAB-Ms; m/z. 273 [M-(CO)2-PF6- 
H]+. CHN analysis was not performed due to the small amount of pure [7]PF6 obtained.
[8](PF6)2:
tri-(¡!2-carbonyl)-bis-((3-1,4,7-trimethyl-1,4,7-triazacyclononane)-di-rhodium(I) bis- (hexañuorophosphate)
800 mg (4.91 mmole) NH4PF6 was added to 600 mg of the solid mixture of [8](PF6)2 and [9]PF6, prepared as described 
above. Subsequently 15 ml MeOH was added, and the mixture was refluxed (all solid material redissolved) for 
approximately 10 mins. After cooling to r.t., the MeOH solvent was partially evaporated. Compound [8](PF6)2 
crystallised as bright yellow cubes from the solution at -30oC, and was collected by filtration. Yield 550 mg (~80 %). 
1H-NMR (200.13 MHz, CD3CN): 5 = 3.30-2.90 (m, 24 H , N-CH2-), 2.84 (s, 18 H, N-CH3). 1H-NMR (200.13 MHz, 
[D6]-acetone): 5 = 3.44 (s, 24 H , N-CH2-), 3.14 (s, 18 H, N-CH3). 13C-NMR (50.33 MHz, [D6]-acetone): 5 = 221.9 (t, 
1JRh-C = 28.7 Hz, |i2-CO), 58.5 (N-CH-), 52.0 (N-CH3). FT-IR (KBr, cm-1): 1803 v(|>CO). FT-IR (CH3CN, cm-1): 1810 
v(H-CO). FAB-Ms; m/z. 777 [M-PF6]+, 748 [M-CO-PF6]+, 604 [M-CO-2PF6]+, 316 [M-2PF6]2+. Calculated for 
C21H42F 12N6O3P2Rh2: C 27.35, H 4.59, N 9.11 Found: C 27.33, H 4.57, N 8.98
[9]PF6:
bis-(ß 2-carbonyl)-(methoxycarbonyl)-((3-1,4,7-trimethyl-1,4,7-triazacyclononane)-rhodium(I)-((3-1,4,7-trimethyl-
1,4,7-triazacyclononane)-rhodium(I) hexañuorophosphate
100 mg (1.9 mmole) NaOMe was added to 300 mg of the solid mixture of [8](PF6)2 and [9]PF6, prepared as described 
above. Subsequently 15 ml MeOH was added, and the mixture was refluxed (all solid material redissolved) for 
approximately 10 min. After cooling to r.t., the MeOH solvent was partially evaporated. Compound [9]PF6 crystallised 
as pale orange needles from the solution at -30oC, and was collected by filtration. Yield 200 mg (~ 70%).
1H-NMR (200.13 MHz, [D6]-acetone): 5 = 3.54 (s, 3 H, OCH3), 2.90 (s, 24 H, N-CH2-), 2.81 (d, 3JC-Rh= 0.8 Hz, 18 H, 
N-CH3). 13C-NMR (50.33 MHz, [D6]-acetone): 5 = 57.7 (N-CH2-), 51.1 (N-CH3), 50.9 (OCH3) (13C-carbonyl signals 
undetected, due to low solubility in acetone). 1H-NMR (300.13 MHz, CD3CN): 5 = 3.52 (s, 3 H, OCH3), 2.90-2.55 (m, 
24 H, N-CH-), 2.76 (d, 3JH-Rh = 0.80 Hz, 18 H, N-CH3). 13C-NMR (75.47 MHz, CD3CN): 5 = 248.1 (t, 1JC-Rh = 37.5 Hz, 
H-CO), 179.9 (t, 1JC-Rh = 17.3 Hz, C(O)OMe), 58.0 (N-CH2-), 51.5 (N-CH3), 51.4 (OCH3). FT-IR (KBr, cm-1): 1771 
(w), 1708 (s) v(n-CO), 1607 (m), v(C=O), 1048 v(C-O). FT-IR (CH3CN, cm-1): 1774 (w), 1715 (s) v(|>CO), 1618 (m) 
v(C=O), v(C-O) obscured by solvent vibrations. FAB-Ms; m/z. 808 [M]+, 777 [M-OMe]+, 663 [M-PF6]+, 604 [M-PF6- 
OMe-CO]+, 576 [M-PF6-OMe-2CO]+. Calculated for C22H45F6N6O4PRh2: C 32.69, H 5.61, N 10.40 Found: C 32.33, H 
5.37, N 10.06.
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X-ray diffraction
Crystals of [7]PF6, [8](PF6)2 and [9]PF6 suitable for X-ray diffraction studies were obtained by cooling a saturated 
solution of the corresponding compound in MeOH to -30oC. Single crystals were mounted in air on glass fibres. 
Intensity data were collected at room temperature. For all three compounds an Enraf-Nonius CAD4 single-crystal 
diffractometer was used, graphite monochromatised Cu-Ka radiation, 0-20-scan mode. Unit cell dimensions were 
determined from the angular setting of 25 reflections. Intensity data were corrected for Lorentz and polarisation effects. 
Semi-empirical absorption correction (y/-scan) was applied for all three compounds.[26] Structures were solved by the 
program system DIRDIF[27] using the program PATTY[28] to locate the heavy atoms and were refined with standard 
methods (refinement against F2 of all reflections with SHELXL97[29]) with anisotropic parameters for the nonhydrogen 
atoms. For [7]PF6 the hydrogens were initially placed at calculated positions and were refined freely subsequently. For
[8](PF6)2 and [9]PF6 all hydrogens were refined riding on the parent atoms. Selected bond lengths an angles are 
summarised in Tables 1 and 2. Other relevant crystal data are summarised in Table 3. Drawings were generated with the
program PLATON.[30]
Table 3. Crystallographic data for [7]PF6, [8](PFe) 2 and [9]PF6.
[7]PF6 [8](PF6)2 [9]PF6
Empirical formula CnH21F6NsO2PRh C21H42F 12N6O3P 2Rh2 C22H45F6N6O4PRh2
Crystal size [mm] 0.60x0.35x0.28 0.42x0.18x0.11 0.32x0.16x0.10
Formula weight 475.19 922.37 808.43
T [K] 293(2) 293(2) 293(2)
Crystal system Monoclinic Monoclinic Monoclinic
Space group P 21/n C 2/m P 21/n
a [Â] 8.87948(17) 20.790(3) 8.5949(4)
b [Â] 15.2246(3) 15.814(3) 13.1036(5)
c [Â] 12.9031(3) 22.051(5) 27.7555(13)
a  [°] 90 90 90
ß [°] 91.960(4) 116.61(2) 91.124(4)
y [°] 90 90 90
V [Â3] 1743.30(6) 6482(2) 3125.3
P calcd. [gcm-3] 1.811 1.890 1.718
Z 2 8 4
Wavelength [Â] 1.54184 1.54184 1.54184
F(000) 952 3696 1640
0 range [°] 4.49 to 69.88 40.158 to 46.695 40.113 to 46.904
Index ranges -10 < h < 10 -26 < h < 23 0 < h < 10
-18 < k < 18 0 < k < 19 -15 < k < 0
-15 < l < 15 0 < l < 27 -33 < l < 33
Measured reflections 12510 7215 6340
Unique reflections 
Observed reflections
3303 7032 5926
[Io > 2o (Io)] 3254 5747 5172
Refined parameters 302 439 377
Goodness-of-fit on F2 1.104 1.086 1.032
R [Io > 2o(Io)] 0.0332 0.0686 0.0599
wR2[all data] 0.0786 0.1922 0.1553
p fin (max/min) [e. Â-3] 0.915 / -0.623 1.845 / -2.748 1.430 / -2.186
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A bstrac t
Complexation o f [RhI(cod)]+ by the new pyridine-amine-pyrrole ligands Py-CH2-N(R)-CH2-Pyr-H 
(HLr ;R= H, Bz, Bu) and the corresponding pyridine-amine-pyrrolate ligands [Py-CH2-N(R)-CH2- 
Pyr]- (Lr -; R= H, Bz, Bu, CH2Py) has been investigated. The neutral ligands HLR (R= H, Bu, Bz) 
give [(HLR)Rh!(cod)]+ in which HLR acts as a didentate ligand via the pyridine nitrogen (Npy) and 
the amine nitrogen (NRamine). The crystal structure o f [(HLH)RhI(cod)]PF6, [1]PF6, has been 
determined. Deprotonation o f [(HLR)RhI(cod)]+ (R= H, Bz, Bu) results in the neutral complexes 
[(LR)RhI(cod)] o f the mono-anionic ligands LR- ([2]:R= H, [3]:R= Bz, [4]:R= Bu and [5]:R= 
CH2Py). In square-planar [(LH)Rh!(cod)], LH- is didentate via N Hamine and the pyrrolate nitrogen 
(NPyr). The X-ray structure o f [2] reveals that the uncoordinated N Py accepts a hydrogen bond from 
N Hamine. The X-ray structure o f [(LBz)Rh!(cod)], [3], shows that LBz- is didentate via N Bzamine and N Pyr 
and that [3] is four-coordinate in the solid state. In solution, complexes [3] and [4] are 
predominantly five-coordinate. The neutral pyridine-amine-pyrrolate complexes 
[{Py-CH2-N(R)-CH2-Pyr}Rh!(cod)] can not be oxidised selectively by H2O2 or O2. This is in 
marked contrast to the previously observed selective oxidation o f the corresponding cationic 
pyridine-amine-pyridine complexes [|Py-C H 2-N(R)-CH2-Py}Rh!(cod)]+. Complex [3] is an active 
catalyst for the polymerisation o f phenylacetylene.
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1. In troduction
M ultidentate N-donor ligands (“Nx” ) have thusfar found limited application in the organometallic 
chemistry o f rhodium(I) and iridium(I). Interesting reactivity has however been reported for 
triazacyclononane,[1,2] trispyrazolylborate,[2] and pyridine-2,6-diimine[3] complexes. In chapter 2 we 
described the fast and selective mono-oxygenation o f [RhI(cod)]+ to [RhIII(oxa-bicyclononadiyl)]+ 
and [Rhm(hydroxy-cyclooctenediyl)]+ with aqueous hydrogen peroxide. In this reaction [Rh!(cod)]+ 
is stabilised by the neutral tridentate pyridine-amine-pyridine ligands Py-CH2-N(R)-CH2-Py (R= H, 
Bu, Bz), RBPA. As part o f our investigation into the tolerance o f the observed oxygenation to 
changes in the nitrogen donor ligand, we have prepared and characterised a series o f neutral 
complexes [(Py-CH2-N(R)-CH2-Pyr}Rh!(cod)]. In these, [Rh!(cod)]+ is stabilised by the potentially 
tridentate pyridine-amine-pyrrolate ligands [Py-CH2-N(R)-CH2-Pyr]- ([LR]-; R=H, Bz, Bu, CH2Py). 
The complexes were obtained by deprotonation o f the cationic complexes 
[|Py-C H 2-N(R)-CH2-Pyr-H}Rh!(cod)]+ which result from reaction o f [|(cod)R hI(mi-Cl)}2] with the 
neutral didentate ligands Py-CH2-N(R)-CH2-Pyr-H (HLr ;R=H, Bu, Bz, CH2Py).
2. R esults and  discussion
2.1 Synthesis of the  ligands H L R
The neutral ligands HLR (R=H, Bz, Bu, CH2Py; see Figure 1) were prepared via the synthesis routes 
shown in Scheme 1.
HL
N
N H  
N
HLBu HLCH2 Py
Figure 1. Amine-pyridine-pyrrole ligands HLh, HLbz, HLBu and HLCH2py.
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O
R— NH2
+
H
N
R\
R= Bu, Bz, CH2Py
H
R= Bu, Bz, CH2Py
NaBH4
R— N
HLBz: R = Bz 
HLBu: R = Bu
HLCH2Py: R = CH2Py
HLH: R = CH2Py
Scheme 1. Synthesis o f ligands HLh, HLbz, HLBu and HLcH2Py-
N-(2-pyridyl-methyl)-N-(1H-2-pyrrolylmethyl)amine (HLh) was prepared in two steps: 
condensation o f 2-pyridylmethylamine and pyrrole-2-carboxaldehyde to the corresponding imine 
and subsequent reduction o f the imine with NaBH4. N-benzyl-N-(2-pyridylmethyl)- 
N-(1H-2-pyrrolylmethyl)amine (HLBz) and N-butyl- N-(2-pyridylmethyl)-N-(1H-2-pyrrolylmethyl)- 
amine ( HLBu) were prepared in three steps: N-benzyl-N-(1H-2-pyrrolylmethyl)imine and N-butyl-N- 
(2-pyrrolylmethyl)imine were obtained by condensation o f pyrrole-2-carboxaldehyde with benzyl­
amine and n-butyl-amine, respectively. The imines were reduced to the corresponding amines with 
NaBH4. Alkylation o f the amines with 2-picolylchloride in a suspension o f N a2CO3 in CH3CN gave 
HLBz and HLBu, respectively. N,N-di-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl-methyl)amine (HLCH2Py)
was obtained by alkylation o f HLH with 2-picolylchloride.
2.2 S tru c tu re  of H L H
Colourless crystals o f compound HLH were obtained by crystallisation from a hot saturated toluene 
solution. The structure o f HLH was determined by single-crystal X-ray diffraction (Figure 2).
In the crystal each enantiomer o f HLH occurs as a hydrogen-bridged dimer in which the pyrrole N-H 
(NPyr-H) acts as hydrogen bridge donor, and the amine nitrogen (Namine) as a hydrogen bridge 
acceptor. Selected bond lengths and angles are given in Tables 1 and 2.
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Figure 2. X-ray structure o f ligand HLH (the dimer ofone enantiomer is shown).
Table 1. Selected bond lengths [Ä] for HLh, [1]PF6, [2], and [3].[a]
HLh [1]PF6 [2] [3]
N1-Rh1 2.101(4) n.b. n.b.
N2-Rh1 n.b. 2.034(3) 2.039(3)
N3-Rh1 2.144(4) 2.164(3) 2.231(2)
C12-Rh1 2.133(4) 2.117(3) 2.106(3)
C13-Rh1 2.143(4) 2.126(3) 2.119(3)
C16-Rh1 2.154(4) 2.121(3) 2.156(3)
C17-Rh1 2.146(4) 2.145(8) 2.146(3)
C12-C13 1.398(7) 1.398(5) 1.393(5)
C16-C17 1.392(7) 1.398(5) 1.395(5)
C6-C7 1.505(7) 1.506(6) 1.521(5) 1.498(4)
N3-C6 1.454(7) 1.494(6) 1.458(5) 1.507(4)
C1-C5 1.485(7) 1.479(7) 1.484(5) 1.490(5)
N3-C5 1.478(7) 1.498(6) 1.498(4) 1.506(5)
N3-C20 - - - 1.497(4)
Pyridine
N1-C7 1.331(6) 1.342(6) 1.334(5) 1.356(5)
C7-C8 1.384(7) 1.386(7) 1.389(5) 1.389(5)
C8-C9 1.372(8) 1.387(8) 1.377(5) 1.390(7)
C9-C10 1.369(8) 1.385(8) 1.361(6) 1.373(9)
C10-C11 1.365(8) 1.375(7) 1.377(6) 1.361(7)
C11-N1 1.330(7) 1.352(6) 1.332(5) 1.354(5)
le 
1 
rol 
C1
yrr 
2- 
Py 
N2 1.371(7) 1.361(5) 1.377(4) 1.364(4)
C1-C2 1.362(7) 1.371(7) 1.375(5) 1.379(4)
C2-C3 1.408(7) 1.411(8) 1.419(5) 1.403(6)
C3-C4 1.354(9) 1.350(9) 1.372(5) 1.371(5)
C4-N2 1.375(6) 1.362(5) 1.370(4) 1.368(4)
[a] For atom labelling see Figure 2, 3, 5, and 6.
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Table 2. Selected bond angles [°] for HLH [1]PFe, [2] and [3].[a]
HLh [1]PF6 [2] [3]
N1-Rh1-N3 - 78.56(15) - -
N1-Rh1-N2 - - - -
N2-Rh1-N3 - - 79.89(11) 78.15(10)
N1-Rh1-C12 - 93.05(17) - -
N1-Rh1-C13 - 99.52(16) - -
N1-Rh1-C16 - 164.81(18) - -
N1-Rh1-C17 - 156.40(18) - -
N2-Rh1-C12 - - 92.68(12) 89.89(12)
N2-Rh1-C13 - - 97.32(12) 96.47(12)
N2-Rh1-C16 - - 160.84(13) 165.17(13)
N2-Rh1-C17 - - 160.73(12) 156.92(13)
N3-Rh1-C12 - 158.58(18) 159.44(13) 155.54(12)
N3-Rh1-C13 - 162.23(18) 160.95(13) 162.83(13)
N3-Rh1-C16 - 95.66(17) 94.72(12) 99.33(11)
N3-Rh1-C17 - 98.37(17) 98.88(12) 101.11(11)
C12-Rh1-C13 - 38.15(19) 38.49(13) 38.50(14)
C16-Rh1-C17 - 37.78(19) 38.00(14) 37.82(14)
Rh1-N2-C1 - - 115.6(2) 114.1(2)
N2-C1-C5 120.7(4) - 117.3(3) 117.4(3)
C1-C5-N3 111.9(4) - 109.5(3) 109.2(3)
C5-N3-Rh1 - - 108 .0 (2 ) 101.81(17)
Rh1-N1-C7 - 113.7(3) - -
N1-C7-C6 116.1(5) 115.7(4) 117.6(3) 118.2(3)
C7-C6-N3 112.7(5) 108.8(4) 114.5(3) 114.3(2)
C6-N3-Rh1 - 104.1(3) - -
Pyrrole
N2-C4-C3 107.8(5) 107.9(5) 110.4(3) 109.4(3)
C4-C3-C2 107.8(5) 107.6(5) 106.9(3) 107.4(3)
C3-C2-C1 107.8(5) 107.5(5) 105.9(3) 106 .1(3 )
C2-C1-N2 107.5(5) 107.0(5) 110.7(3) 109.9(3)
C1-N2-C4 109.1(4) 110.1(5) 106.0(3) 107.1(3)
Pyridine
N1-C11-C10 123.7(5) 121.9(5) 124.5(4) 122.9(4)
C11-C10-C9 118.3(5) 119.8(5) 118 .2 (4 ) 119.1(4)
C10-C9-C8 119.3(5) 118 .2 (5) 118.8(4) 119.7(5)
C9-C8-C7 118.7(5) 119.4(5) 119.2(4) 118.7(5)
C8-C7-N1 122.2(4) 121.9(4) 122.4(3) 121.3(3)
C7-N1-C11 117.7(4) 118.8(4) 116.7(3) 118.5(4)
[a] For atom labelling see Figure 2, 3, 5 and 6.
2.3 C om plexation of [RhI(cod)]+ by H L H.
Reaction o f HLH with [{(cod)Rh(^i-Cl)}2] in methanol, followed by addition o f excess NH 4PF6, 
resulted in precipitation o f [(HLH)RhI(cod)]PF6, [1]PF6. Crystals o f [1]PF6 were obtained by cooling 
o f a hot saturated solution o f [1]PF6 in methanol. The structure o f [1]PF6 was determined by X-ray 
diffraction. The X-ray structure o f [1]+ is shown in Figure 3.
121
Chapter 7
Figure 3. X-ray structure of[1 ]+.
Selected bond lengths and angles for [1]PF6 are given in Tables 1 and 2. Crystallographic data are 
given in Table 4. Complex [1]+ has the expected square-planar geometry. The ligand HLH is 
didentate via the pyridine (NPy) and amine (Namine) nitrogens. No interaction is observed between the 
metal centre and the pyrrole N-H bond (NPyr-H). N Hamine is hydrogen bonded to a fluorine atom of 
the PF6- counterion (N-F distance: 3.165(6) Â, H-F distance: 2.33(7) Â). In [1]+ the Rh-NPy distance 
(Rh1-N1: 2.101(4) Â) and the Rh-Namine distance (Rh1-N3: 2.144(4) Â) fall within the ranges of 
Rh-Nsp2 (2.007-2.140 Â)[4]and Rh-Nsp3 (2.111-2.178 Â )[4f 5] distances observed for other square 
planar “N 2”RhI(cod) complexes. The observed Rh-C and cod double bond distances are also normal 
for “N 2”RhI(cod) complexes (Table 1).
The NM R data for [1]PF6 in acetone-[D6] are in accordance with its X-ray structure. In the 1H-NM R 
spectrum the pyrrole signals appear at almost the same position as for the free HLH, whereas the 
N Hamine proton has shifted 2.75 ppm downfield (HLH: 5= 2.24, [1]PF6: 5= 4.99). The pyridine-H6 
signal has shifted 0.53 ppm upfield (HLH: 5= 8.49, [1]PF6: 5= 7.96) as a result o f the anisotropic 
shielding effect o f the r\ 4-cod. The N-CH2-Pyr- and N-CH2-Py signals appear as singlets at r.t due to 
rapid dissociation, pyramidal inversion and recoordination o f N Hamine. Combination o f this inversion 
with rapid rotation o f the r\ 4-cod fragment results in only one signal each for the cod olefin protons 
(-CH=CH-), the allylic exo and the allyllic endo protons o f cod. At -80oC the pyramidal inversion at 
N amine and rotation o f cod are both frozen out. This results in two AB-type doublets for both N-CH2- 
Pyr- and N-CH2-Py, each with an additional coupling to the N Hamine proton. At this temperature each
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cod proton appears as a separate signal, with the exception o f two overlapping allylic-exo protons 
and the two sets o f two overlapping allylic-endo protons.
Remarkably, pyramidal inversion at N Hamine is slowed down when the sample is measured under an 
atmosphere o f air instead o f N 2. Under air, AB-type signals are observed for the N-CH2-Pyr and 
N-CH2-Py protons already at r.t. See figure 4.
(ppm)
Figure 4. H-NM R spectra of[1 ]PF6 under N2 and air.
Complex [1]PF6 however does not react with O2 or water, as both a sample under N 2 and a sample 
under air show similar spectra upon cooling to -80oC. Also, prolonged treatment o f [1]PF6 to air or 
pure O2 does not lead to any reaction. Samples o f [1]PF6, prepared under air and N 2, give rise to 
identical powder diffraction patterns.
2.4 C om plexation of [RhI(cod)]+ by L h"
Reaction o f HLh with [|(cod)R hI(^,-Cl)}2] in methanol resulted in a solution o f [(HLH)Rh!(cod)]Cl. 
The neutral complex [(LH)RhI(cod)], [2], precipitated upon deprotonation o f the uncoordinated 
pyrrole nitrogen (NPyr-H) by excess aqueous N a2CO3. Cooling o f a saturated solution o f [2] in 
toluene resulted in crystals suitable for single-crystal X-ray diffraction. The X-ray structure o f [2] is 
given in Figure 5. Selected bond lengths and angles are given in Tables 1 and 2.
Complex [2] has a square planar coordination geometry in which LH" is didentate via N amine and
NPyr.
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C3
5a 5b
Figure 5. X-ray structure of[2] (both enantiomers in different orientations shown; 5a and 5b).
Thus, deprotonation o f N Pyr-H in [1]+ to a pyrrolate nitrogen (NPyr) effects a shift o f [RhI(cod)]+ 
from the N amine-NPy compartment to the N amine-NPyr compartment (Scheme 2).
H
[2]
Scheme 2. Deprotonation of[1]PF6 to [2]. Dicompartimental ligand HLh. 
Shift of[RhI(cod)]+ from Namine-NPy to Namine-NPyr compartment.
In [2], N Py accepts an intramolecular hydrogen bond from N Hamine (Namine-H -N Py distance: 2.45(4) 
Â, N amine-NPy distance: 2.833(4) Â). The M -NPyr distance in [2] is approx. 0.06 Â shorter than the 
corresponding Rh-NPy distance in [1]PF6. This demonstrates the stronger interaction o f the anionic 
pyrrolate nitrogen (NPyr) with the Rh1 center. The observed Rh-Namine, Rh-Colefin and olefinic C-C 
distances in [2] are not significantly different from those in [1]PF6. As for [1]+, the Rh-N, Rh-C and 
olefinic C-C distances fall within the normal range for square planar [“N 2”RhI(cod)] complexes.[4,5] 
The NM R spectra o f [2] correspond well with the crystal structure. In the 1H-NM R spectrum at r.t 
the pyramidal inversion at N amine is frozen out (AB type signals with additional coupling to the
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N Hamine proton for N-CH2-Py and N-CH2-Pyr). Rapid rotation o f the r\ 4-cod fragment results in one 
signal for the -CH=CH- (through overlap o f the expected two signals), two for the allylic exo and 
two for the allylic endo protons. The pyridine signals appear at almost the same position as in free 
HLh . The N Hamine proton (5= 4.50) has shifted 2.09 ppm downfield from that in the free ligand (5= 
2.41). The pyrrole signals have all shifted up-field relative to HLh . The chemical shift difference is 
most pronounced for Pyr-H5 (Pyr-H5: 0.42 ppm, Pyr-H4: 0.13 ppm and Pyr-H3: 0.26 ppm), 
probably due to anisotropic shielding by the r\ 4-cod fragment.
2.5 C om plexation of [RhI(cod)]+ by [LBz ]" and  [LBu]"
Reaction o f HLBz with [|(cod)R hI(^,-Cl)}2] in methanol results in a solution o f [(HLBz)RhI(cod)]Cl. 
Subsequent addition o f an excess o f aqueous N a2CO3 results in deprotonation o f N Pyr-H and 
precipitation o f the neutral complex [(LBz)RhI(cod)] ([3]). [(LBu)RhI(cod)], [4], was obtained 
analogously.
Crystals o f [3] were obtained by cooling o f a saturated solution in toluene and the structure was 
determined by single-crystal X-ray diffraction (Figure 7). Selected bond lengths and angles are 
given in Tables 1 and 2.
Figure 6 . X-ray structure of[3] (enantiomer and orientation corresponding with Figure 5b).
In the crystal, complex [3] has a square planar geometry with didentate LBz- via N Bzamine and NPyr, 
analogous to LH- in [2]. N Py in [3] is not involved in any bonding interaction, whereas N Py in [2] 
accepts a hydrogen bond from N Hamjne. The Rh-NPyr distances (N2-Rh1) in [3] and [2] are equal 
within experimental error, but the Rh-NBzamine distance in [3] (N3-Rh1 = 2.231(2)Â) is 0.07Â longer 
than the Rh-NHamine distance in [2] (N3-Rh1 = 2.164(3) Â) and longer than Rh-Nsp3 distances for 
square-planar “N 2“ -ligand RhI complexes (2.111-2.178 Â) known thusfar.[4,5] In accordance with 
this, the Rh-C distances trans to N Bzamine in [3] are approx. 0.04 Â shorter than those trans to N Pyr,
125
Chapter 7
whereas the corresponding distances in [2] are not significantly different. These effects all seem to 
indicate a substantial weakening o f the Rh-NRamine interaction upon substitution o f H  by Bz. This 
parallels the results in chapter 2 (§2.4); weaker Rh-Nam,ne interactions are observed for tertiary 
amines relative to secondary amines. Interestingly, [3] undergoes k^ -k3 isomerisation on going from 
the solid state to solution (Scheme 3).
[3] [3]
Solid Solution
Scheme 3. k2-k3-isomerism for Lbz in [3].
In the 1H-NM R solution spectrum of [3] Py-H6 o f LBz- has shifted 0.69 ppm downfield relative to 
Py-H6 o f free HLBz (HLBz: 5= 8.56, HLBz- in [3]: 5= 9.25 ppm). This is in marked contrast with the 
situation for [2], where we observed no significant shifts for Py-H6 o f the uncoordinated pyridine 
group o f Lh- compared to free HLh . (HLh : 5= 8.48, LH- in [2]: 5= 8.55). Also, the Py-H6 signal in 
[3] shows clear NOE contacts (counter phase to diagonal) with Pyr-H5, and the two -CH=CH- and 
the two allylic-exo signals o f cod. This shows that the structure o f [3] in solution is predominantly 
five-coordinate.[6] As was the case for [1]+ and [2], the 1H-NM R spectrum of [3] shows rapid 
rotation o f the r\ 4-cod fragment. Two signals are observed for the -CH=CH- protons, one for the 
allylic exo protons, and one for the allylic endo protons. At room temperature, dissociation of 
N Bzamine from the rhodium centre, followed by pyramidal inversion at NBzamine and re-coordination, 
is slow on the 1H-NM R time-scale (two AB-type doublets for each, N-CH2-Py, N-CH2-Pyr and N- 
CH2-Ph), but fast on the NOESY/EXSY time scale (exchange correlation peaks were observed for 
the two -CH=CH- proton signals and for H a and Hb o f the three AB-patterns).
On the basis o f its 1H-NM R spectrum, the solution structure o f butylamine derivative [4] is similar 
to that o f benzylamine derivative [3] (Table 3). As for [3], the significant downfield shift o f Py-H6 
(A8 = 0.58 ppm) indicates that LBu- is tridentate in solution.
Table 3. 1H- and 13C-NMR shifts of(HC=CH)œd
[1]PF6 a) [2] b) [3] b) [4] c) [5] a)
1H-NM R 4.46 4.12 3.91 3.8 3.62
3.37 3.40
13C-NMR 82.2 79.3 77-74 (br) --- 75.8
78.8
a) acetone-[D6], b) CD2O 2, c) CDCh
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The average N M R signals o f the olefinic cod fragment (-CH=CH-)cod o f four-coordinate [2] in 
CD2Cl2 (5(1H) = 4.12 and S(13C) = 79.0) appear at significantly higher values than for five- 
coordinate [3] (5(1H) = 3.64 and S(13C) = 76.0). For [4], S(1H) (3.65) is close to that of [3]. See 
Table 3. This situation parallels that for 3,5-di substituted tris(pyrazolyl)borate (TpR2) rhodium(I) 
cod complexes, where in CDCl3 S(1H) = 4.10 and S(13C) = 80 ppm for four-coordinate [(k2 - 
TpR2)Rh!(cod)] and S(1H) = 3.95 and S(13C) = 73.3 for five-coordinate [(k3-TpH2)Rh!(cod)].[10e]
Thus, substitution o f the N Hamine proton in [2] by benzyl ([3]) or butyl ([4]) induces N Py coordination 
in solution. This change appears to be promoted by the weaker NRam,ne-Rh interaction as a result of 
increased steric hindrance upon substitution o f H  by Bz or Bu (see also chapter 2, §2.4), and by the 
lack o f stabilisation o f uncoordinated N Py through hydrogen bonding with N Hamjne.
2.6 C om plexation of [RhI(cod)]+ by L CH2py"
Deprotonation o f HLCH2Py by NaH and subsequent reaction o f LCH2Py- with [|(cod)Rh(mi-Cl)}2] in 
THF results in the neutral complex [(LCH2Py)Rhi(cod)], [5] (Figure 7). The 1H-NM R spectrum of [5] 
at r.t. shows signals for two equivalent pyridine groups on the NM R time scale. The Py-H6 signal 
appears at 5 = 8.97, in between the value found for the free ligand (5 = 8.49) and that o f [3] (8= 
9.25). The N-CH2-Py protons appear as an AB-pattern, and N-CH2-Pyr as a singlet. The cod 
fragment shows three signals, one for the -CH=CH- protons and two for the allylic protons (endo 
and exo), indicative for a rapid rotation o f the cod fragment. The above observations are consistent 
with a highly fluxional five-coordinate complex, in which both pyridine groups coordinate 
alternately to RhI. The exchange process at r.t. is fast on the NM R timescale. At -25oC the Py-H6 
signals start to broaden. The coalescence temperature for the Py-H6 signals o f [5] is reached at - 
30oC. Unfortunately, the temperature could not be further lowered due to precipitation o f [5].
[5]
Figure 7. Proposed structure o f complex [5] in solution.
2.7 R eactivity  tow ards H 2O 2 and  O 2; E lectrochem ical oxidation of [3]
Solutions o f the pyridine-amine-pyrrolate complexes [2], [3], [4], and [5] are oxidised only in a non- 
selective way by aqueous H2O2 and air. Sparingly soluble precipitates were obtained, with complex 
1H-NM R spectra containing very broad lines.
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The observed aselectivity is probably due to oxidation o f the coordinated pyrrolate group. 
Supporting evidence for this assumption was obtained by cyclic voltammetry studies o f [3]. 
Electrochemical oxidation o f complex [3] in CH2Cl2 is irreversible and occurs at Epanode= -140 mV 
vs. Fc/Fc+, a remarkably low value compared to the series o f cationic complexes [(RBPA)RhI(cod)]+ 
(R= H, Bz, Bu; RBPA= PyCH2-N(R)-CH2Py). As shown in Chapter 2 o f this thesis, a linear relation 
between Epanode and the 13CC=C value is observed for these cationic complexes. Complex [3] 
however, clearly deviates from this behaviour. See Figure 8.
Electrochemical oxidation o f the cationic [(RBPA)RhI(cod)]+ complexes most probably occurs at 
the metal centre (see Chapter 2). The obtained empirical linear relationship between Epanode and 
13Cc=c enables us to estimate the potential at which metal centred oxidation o f [3] should occur. The 
expected oxidation potential o f the RhI/RhI1 transition would thus be approx. 300 mV on the basis of 
the observed 8(13Cc=c) o f 76.0 ppm. The much lower Epanode value (-140 mV) therefore most 
probably involves oxidation o f the coordinated pyrrolate fragment.
84
82
80
3CC(C=C) 78-
(ppm)
76 - ♦  [3]
74
72
70
68 ------ 1—
-200 -100
H
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Figure 8 . Deviant electrochemical behaviour o f complex [3].
2.8 C ataly tic polym erisation of phenylacetylene
Complex [3] is a neutral “N 3”RhI(cod) complex showing K2-K3 isomerism, similar to that of 
tris(pyrazolyl)borate rhodium(I) cod complexes. Isomerisation o f [(K3-Tp)RhI(cod)] to 
[(k2-Tp)RhI(cod)] has been has been suggested to be essential for its catalytic activity in the 
polymerisation o f phenylacetylene.[7] In accordance with this, we observed that complex [3] is an 
active catalyst for the polymerisation o f phenylacetylene (Scheme 4).
C=C-H
Scheme 4. Polymerisation o f phenylacetylene.
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Reaction o f phenylacetylene in M eOH in the presence o f 0.1 mole percent o f [3] gave 
poly(phenylacetylene) in 24% yield as a yellow precipitate within 20 minutes. The molecular mass 
(Mn) and the high stereoregularity (all Z) o f the obtained poly(phenylacetylene) are similar to those 
o f poly(phenylacetylene) prepared with (Tp)RhI(cod)[7] and other rhodium catalysts.[8] The broad 
molecular weight distribution (Mw/Mn = 4.7) could be the result o f partial precipitation during 
polymerisation.
3. Conclusions
The neutral complexes [2]-[5] could not be selectively oxidised by H2O2 or O2. It seems that 
oxidation o f the negatively charged pyrrolate-group is responsible for these aselective oxidations. 
However, the new ligand types presented in this chapter display a diverse coordination chemistry 
towards [RhI(cod)]+. The neutral pyridine-amine-pyrrole ligand HLh in [1]+ is didentate via N Hamine 
and N Py. Deprotonation o f the pyrrole group results in the potentially tridentate pyridine-amine- 
pyrrolate ligands LH-, LBz- and LBu- and the potentially tetradentate bis(pyridine)-amine-pyrrolate 
ligand LCH2Py-.
Lh- in [2] is didentate (k2 ), both in the crystal and in solution. In contrast, LBz- in [3] is didentate in 
the crystal, but tridentate (k3) in solution. K^-k3-isomerism has also been observed for 3,5- 
disubstituted tris(pyrazolyl)borate[9] (TpR2) complexes [(TpR2)RhI(L2)] (L2= diene or L= 
olefin).[10,11] However, whereas for [(TpR2)RhI(cod)] steric bulk o f R  at the pyrazolyl-3-position 
induces four-coordination (k3 —» k2), steric bulk o f R  at N Ramine in [(LR-)RhI(cod)] induces five- 
coordination (k2 —» K3). Increased steric repulsion in [(LR-)RhI(cod)] induces a weaker Rh-NRamine 
interaction, which is compensated by coordination o f N Py, and thus results in five coordination. This 
observation parallels the order o f donor strength N Hamine > N Buamine = N Bzamine derived in chapter 2.
4. Experimental Section 
General methods
All reactions were performed under a nitrogen atmosphere using standard schlenk techniques, unless mentioned 
otherwise. Solvents (p.a.) were deoxygenated by bubbling through a stream of N2 or by the freeze-pump-thaw method. 
The temperature indication r.t. corresponds to ca. 20oC. [{(cod)Rh(^-Cl)}2] was prepared according to a literature 
procedure.[12] All other chemicals are commercially available and were used without further purification.
Cyclic Voltammetry measurements were performed using an Eco Chemie Autolab PGSTAT20. A conventional three- 
electrode cell, with Pt working and auxiliary electrodes and 0.1 M [(n-Bu)4N]PF6 (TBAH) electrolyte was used. An 
Ag/AgI reference electrode (grain of AgI, 0.02 M [(n-Bu)4N]I (TBAI) and 0.1 M TBAH) was employed.
IR spectra were measured on a Perkin-Elmer 1720X. NMR experiments were carried out on a Bruker DPX200 (200 
MHz and 50 MHz for 1H and 13C respectively), a Bruker AC300 (300 MHz and 75 MHz for 1H and 13C respectively) 
and a Bruker AM500 (500 MHz and 125 MHz for 1H and 13C respectively). Solvent shift reference for 1H-NMR: 
acetone-[D6] 8h = 2.05, THF-[D8] 8h = 1.72, CD2Cl2 §H = 5.31, CDCl3 §H = 7.28. For 13C-NMR: acetone-[D6] 5C = 
29.50, CD2Cl2 5C = 54.20. Abbreviations used are s= singlet, d= doublet, dd= doublet of doublets, t= triplet, m= 
multiplet and br= broad. Elemental analysis (C,H,N) were carried out on a Carlo Erba NCSO-analyser. Mass Spectra 
were recorded on a VG 7070 Mass spectrometer (FAB/EI) or on a JEOL JMS SX/SX102A four sector mass 
spectrometer (FD).
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X-ray diffraction
Crystals of [1]PF6 suitable for X-ray diffraction studies were obtained by cooling a saturated solution of the 
corresponding compound in MeOH to -20oC. Crystals of HLh, [2] and [3] suitable for X-ray diffraction studies were 
obtained from hot saturated toluene solutions. Single crystals were mounted in air on glass fibres. Intensity data were 
collected at room temperature. For [1]PF6 and [3] an Enraf-Nonius CAD4 single-crystal diffractometer was used, 
graphite monochromatised Cu-Ka radiation, d-2d-scan mode. Unit cell dimensions were determined from the angular 
setting of 25 reflections. Intensity data were corrected for Lorentz and polarisation effects. Semi-empirical absorption 
correction (^-scan) was applied for both compounds.[13] The X-ray diffraction data for [2] were collected on a Enraf- 
Nonius CAD4T rotating anode diffractometer, graphite monochromatised Mo-Ka radiation, oscan mode. Unit cell 
dimensions were determined from the angular setting of 9 reflections. Intensity data were corrected for Lorentz and 
polarisation effects. Semi-empirical absorption correction (y/-scan) was applied. For HLh an Enraf-Nonius CAD4 
single-crystal diffractometer was used, graphite monochromatised Mo-Ka radiation, 0-20-scan mode. Unit cell 
dimensions were determined from the angular setting of 16 reflections. Intensity data were corrected for Lorentz and 
polarisation effects. No absorption corrections were applied. Structures [1]PF6, [2] and [3] were solved by the program 
system DIRDIF[14] using the program PATTY[15] to locate the heavy atoms. The structure of HLh was solved using the 
program CRUNCH.[16] All structures were refined with standard methods (refinement against F2 of all reflections with 
SHELXL97[17]) with anisotropic parameters for the nonhydrogen atoms. All hydrogen atoms were placed at calculated 
positions and were subsequently freely refined. Selected bond lengths an angles are summarised in Tables 1 and 2. Other 
relevant crystal data are summarised in Table 4. Drawings were generated with the program PLATON.[18]
Table 4. Crystallographic data for HLh, [1]PFß, [2] and [3].
H L H [1]PF6 [2] [3]
Empirical formula C11H13N3 Q iHFN sPRh C19H24N3Rh C26H30N3Rh
Crystal size [mm] 0.37x0.33x0.29 0.37x0.33x0.17 0.22x0.22x0.12 0.46x0.29x0.20
Formula weight 187.24 543.30 397.32 487.44
T [K] 293(2) 208(2) 173(2) 293(2)
Crystal system Monoclinic Triclinic Monoclinic Triclinic
Space group C 2/c P -1 P 2j/c P -1
a [Â] 15.85(4) 9.63157(17) 11.2479(5) 10.2385(3)
b [Â] 10.8942(15) 9.7229(3) 14.8328(8) 10.2554(2)
c [Â] 12.22(3) 13.8150(3) 10.3258(6) 11.2513(4)
a  [°] 90 75.425(3) 90 79.957(3)
ß [°] 106.5(3) 69.0584(17) 111.157(4) 72.835(3)
y [°] 90 60.680(3) 90 77.666(2)
V [Â3] 2025(6) 1048.82(4) 1606.62(15) 1094.83(6)
p calcd. [gcm-3] 1.229 1.720 1.643 1.479
Z 8 2 4 2
Diffractometer (scan) Enraf-Nonius Enraf-Nonius Nonius CAD4T Enraf-Nonius
CAD4 (0 -20 ) CAD4 (0 -20 ) rotating anode ( o  scan) CAD4 (0-20)
Radiation Mo-K„ Cu-Ka Mo-K„ Cu-Ka
Wavelength [Â] 0.71073 1.54184 0.71073 1.54184
F(000) 800 548 816 504
0 range [°] 2.64 to 26.26 3.44 to 69.97 1.94 to 27.46 4.14 to 69.95
Index ranges 0 < h < 19 -11 < h < 10 -14 < h < 14 -12 < h < 12
0 < k < 13 -11 < k < 0 -7 < k < 19 0 < k < 12
-15 < l < 14 -16 < l < 16 -13 < l < 13 -13 < l < 13
Measured reflections 2095 4231 7391 4410
Unique reflections 2022 3977 3674 4159
Observed refl. [Io>2o (Io)] 1252 3936 2799 4145
Refined parameters 180 372 304 392
Goodness-of-fit on F2 1.166 1.135 1.023 1.123
R [Io > 2o (Io)] 0.0915 0.0403 0.0358 0.0335
wR2[all data] 0.3156 0.1331 0.0732 0.0934
p fin (max/min) [e. Â-3] 0.352 / -0.314 1.764 / -1.463 0.797 / -0.395 1.627 / -1.125
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Synthesis
H L h
N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl-methyl)amine
6.8 gram (0.064 mole) 1H-pyrrole-2-carboxaldehyde was dissolved in 60 ml EtOH and 6.0 gram (0.063 mole) 
pycolylamine was added drop wise. The solution was heated to reflux for 10 minutes. Evaporation of the solvent under 
vacuum resulted in a yellow powder, from which (Pyridin-2-ylmethyl)-(1H-pyrrole-2-ylmethyl)-imine was obtained as a 
white solid by re-crystallisation from a hot saturated Et2O solution. Yield 11.5 gram (0.062 mole, 98%).
11.3 gram (0.061 mole) (Pyridin-2-ylmethyl)-(1H-pyrrole-2-ylmethyl)-amine was then dissolved in 200 ml 
deoxygenated methanol. The solution was cooled to -10oC, and 2.9 gram (0.076 mole) NaBH4 was added and some gas 
evolved from the solution. The solution was heated to 50oC for 3 hours after which the solvent was partially evaporated. 
To this solution 50 ml water was added to destroy the excess NaBH4. The water layer was extracted three times with 30 
ml Et2O, and the combined Et2O-fractions were dried with 10 gram MgSO4. Filtration and evaporation of the solvent 
results in (Pyridin-2-ylmethyl)-(1H-pyrrole-2-ylmethyl)-amine (HLh) as a yellow powder, and was re-crystallised from a 
hot saturated Et2O solution. Yield 10.3 gram (0.055 mole, 90%). Crystals suitable for X-ray diffraction were obtained by 
crystallisation from toluene.
Mp: 59.0oC
'H-NMR (200 MHz, CD2Cl2, 298 K): 5 = 9.40 (s, b, 1H, Pyr-H1), 8.54 (d,1H, 3J(H,H) = 4.1 Hz, Py-H6), 7.65 (t, 1H, 
3J(H,H) = 7.6 Hz, Py-H4) , 7.26 (d, 1H, 3J(H,H) = 7.6 Hz, Py-H3), 7.16 (dd, 1H, 3J(H,H) = 7.6 Hz, 3J(H,H) = 4.1Hz, 
Py-H5), 6.67 (m, Pyr-H5), 6.05 (m, 1H, Pyr-H4), 5.98 (m, 1H, Pyr-H3), 3.86 (s, 2H, N-CH2-Py), 3.78 (s, 2H, N-CH2- 
Pyr), 2.41 (s, br, 1H, NH).
13C {'H> (75 MHz, acetone-[D6], 298K): 5 = 161.4 (Py-C2), 149.9 (Py-C6), 137.2 (Py-C4), 131.6 (Pyr-C2), 122.9 (Pyr- 
C5), 122.2 (Py-C5), 117.8 (Py-C3), 108.7 (Pyr-C4), 106.9 (Pyr-C3), 54.9 (N-CH2-Pyr), 46.8 (N-CH2-Py).
EI-MS (m/z): 185 [M]+, 118 [M-Pyr+H]+, 107 [M-CH2Py]+, 93 [CH2Py+H]+.
Calculated for CnH13N3: C 70.56 , H 7.00 , N 22.44; Found: C 70.55, H 7.03, N 21.95.
H L bz
N-benzyl-N-(2-Pyridyl-methyl)-N- (1H-2-Pyrrolyl-methyl)amine
9.5 gram (0.09 mole) 1H-pyrrole-2-carboxaldehyde was dissolved in 50 ml freshly distilled THF and cooled to 0oC.
10.7 gram (0.10 mole) benzylamine was added drop wise. After 15 minutes the solution was allowed to warm up to r.t. 
and was stirred for 10 hours. Evaporation of the solvent under vacuum results in a yellow powder, from which 1H- 
pyrrole-2-ylmethyl-benzylimine was obtained as a white solid by re-crystallisation from a hot saturated Et2O solution. 
Yield 17.7 gram (0.085 mole, 96%).
9.2 gram (0.049 mole) 1H-pyrrole-2-ylmethyl-benzylimine was then dissolved in 60 ml deoxygenated methanol. The 
solution was cooled to 0oC, and 2.0 gram (0.053 mole) NaBH4 was added and some gas evolved from the solution. The 
solution was heated to 50oC for 10 hours after which the solvent was partially evaporated. To this solution 50 ml water 
was added to destroy the excess NaBH4. The water layer was extracted three times with 30 ml Et2O, and the combined 
Et2O-fractions were dried with 10 gram MgSO4. Filtration and evaporation of the solvent resulted in 1H-pyrrole-2- 
ylmethyl-benzylamine as a yellow oil, sufficiently pure for further reaction. Yield 7.87 gram (0.061 mole, 71.3%).
100 ml methanol was cooled to 0oC and 12 gram Na2CO3, dissolved in 20 ml water, was added. To the resulting 
suspension 6.89 gram (0.042 mole) picolylchloride- hydrochloride and 7.9 gram (0.042 mole) 1H-pyrrole-2-ylmethyl- 
benzylamine were added. The pink solution was stirred for 10 hours and gradually changed its colour to orange. The 
mixture was filtered and the filtrate was evaporated yielding a crude red solid. N-benzyl-N-(2-Pyridyl-methyl)-N-(1H-2- 
Pyrrolyl-methyl)amine (HLBz) was obtained as a white solid by re-crystallisation from a saturated Et2O solution at 
-20oC. Yield 4.46 gram (0.016 mole, 38%).
Mp: 86.0oC
'H-NMR (200 MHz, CD2Cl2, 298 K): 5 = 9.84 (s, b, 1H, Pyr-H1), 8.56 (m,1H, Py-H6), 7.70 (m, 1H, Py-H4, Py-H3), 
7.8-7.2 (m, 6H, Ph-H, Py-H4, Py-H5), 6.79 (m, Pyr-H5), 6.08 (m, 1H, Pyr-H4), 5.99 (m, 1H, Pyr-H3), 3.65 (s, 2H, N- 
CH2-Py), 3.62 (s, 2H, N-CH2-Pyr), 3.52 (s, 2H, N-CH2-Ph).
13C {'H> (75 MHz, acetone-[D6], 298K): 5 = 161.1 (Py-C2), 149.9 (Py-C6), 141.0 (Pyr-C2), 137.6 (Py-C4), 130.0 (Ph- 
C2,Ph-C3), 129.4 (Ph-C4), 128.1 (Ph-C1), 124.3 (Pyr-C5), 123.2 (Py-C5), 118.5 (Py-C3), 108.8 (Pyr-C4), 108.6 (Pyr- 
C3), 59.9 (N-CH-Ph), 58.9 (N-CH2-Pyr), 51.1 (N-CH2-Py).
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EI-MS (m/z (%)): 277 [M]+ (0.13), 211 [M-Pyr]+ (0.10), 197 [M-CH2Pyr]+ (37.10), 185 [M-CH2Py]+ (75.34), 93 
[CH2Py+H]+ (100).
Calculated for C18H19N3: C 77.95 , H 6.90 , N 15.15; Found: C 77.81, H 6.90, N 14.75.
H L b„
N-butyl-N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolylmethyl)amine
N-butyl-N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolylmethyl)amine (HLBu) was obtained as a red oil by a procedure similar to 
that of N-benzyl-N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolylmethyl)amine (HLBz), starting from n-butylamine instead of 
benzylamine. The compound was purified by column-chromatography over silica-60H with 10% MeOH/CHCl3. Yield 
0.64 gram (2.63 mmole, 15.5%).
'H-NMR (200 MHz, CDCl3, 298K): 5 = 9.83 (s, b, 1H, Pyr-H1), 8.52 (d, 1H, 3J(H,H) = 3.2 Hz, Py-H6), 7.61 (m, 1H, 
Py-H4), 7.45 (m, 1H, Py-H3), 7.15 (m, 1H, Py-H5), 6.78 (m, 1H, Pyr-H5), 6.11 (m, 1H, Pyr-H4) , 6.01 (m, 1H, Pyr- 
H3), 3.69 (s, 2H, N-CHr ), 3.59 (s, 2H, N-CHr ), 2.48 (t, 2H, 3J(H,H) = 7.4 Hz, N-CH2-C3H7), 1.51 (m, 2H, N-CH2- 
CH2-C2H5), 1.31 (m, 2H, N-C2H4-CH2-CH3), 0.85 (t, 3H, , 3J(H,H) = 7.1 Hz, N-C3H6-CH3)
EI-MS (m/z (%)): 244 [M]+ (3), 186 [M-Bu]+ (4), 163 [M-Py]+ (39), 151 [M-Bu-Pyr]+ (84), 107 [M-Bu-Py]+, 93 
[CH2Py+H]+ (100).
HLCHjPy
N,N-di- (2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl-methyl)amine
20 gram (240 mmole) Na2CO3, 1.0 gram (5.34 mmole) N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl-methyl)amine (HLh) 
and 0.9 gram (5.34 mmole) 2-pycolylchIoride.hydrochloride were added to 100 ml CH3CN and the mixture was stirred 
at r.t. for 10 hours. The solution was filtered and the solvent was removed under vacuum. The resulting crude product 
was purified with chromatography over silica-60H with 10% MeOH in CHCl3. Yield 0.7 gram (47%).
Mp: 83.0oC
'H-NMR (200 MHz, THF-[D8], 298 K): 5 = 10.25 (s, b, 1H, Pyr-H1), 8.49 (d, 2H, 3J(H,H) = 3.2 Hz, Py-H6), 7.7-7.5 
(m, 4H, Py-H4, Py-H3), 7.16 (m, 2H, Py-H5), 6.67 (m, 1H, Pyr-H5), 5.98 (m, 2H, Pyr-H4, Pyr-H3), 3.75 (s, 4H, N- 
CH2-Py), 3.61 (s, 2H, N-CH2-Pyr).
Calculated for C17H18N4: C 73.35, H 6.52 , N 20.13; Found: C 73.42, H 6.42, N 19.87.
[1]PF6
(h 4-cyclo-octa-1,5-diene)-(N-(2-Pyridylmethyl)-N-(1H-2-Pyrrolylmethyl)amme)-rhodium(I)-hexañuorophosphate
30.0 mg (0.16 mmole) N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl-methyl)amine (HLh) was disolved in 5 ml MeOH and
39.5 mg (0.08 mmole) [{(cod)Rh(|>Cl)}2] was added, and stirred at r.t. for 1 hour. Addition of 32.6 mg NH4PF6 resulted 
in the precipitation of [(HLH)RhI(cod)]PF6 ([1]PF6) as a yellow solid, which was collected by filtration, washed with 
small portions of water and MeOH and was vacuum dried. Crystals suitable for X-ray diffraction were obtained by slow 
crystallisation from a saturated MeOH solution at -20oC. Yield 54 mg (62%).
'H-NMR (500 MHz, acetone-[D6], 298K): 10.22 (s, b, 1H, Pyr-H1), 8.10 (ddd, 1H, 3J(H,H) = 7.83 Hz, 3J(H,H) = 7.10 
Hz, 4J(H,H) = 1.46 Hz, Py-H4), 7.96 (d, 1H, 3J(H,H) = 5.88 Hz, Py-H6), 7.76 (d, 1H, 3J(H,H) = 7.83 Hz, Py-H3), 7.54 
(dd, 1H, 3J(H,H) = 7.10 Hz, 3J(H,H) = 5.88 Hz, Py-H5), 6.80 (m, 1H, Pyr-H5), 6.29 (m, 1H, Pyr-H3), 6.06 (m, 1H, Pyr- 
H4), 4.99 (s, br, 1H, NH), 4.46 (m, b, 4H, -HC=CH-), 3.98 (s, 2H, N-CH2-), 3.95 (s, 2H, N-CHr ), 2.47 (m, br, 4H, - 
C=C-CH2-exo), 1.98 (m, br, 4H, -C=C-CH2-endo).
'H-NMR (500 MHz, acetone-[D6], 193K): 5 = 10.65 (s, br, 1H, Pyr-H1), 8.12 (ddd, 3J(H,H) = 7.4 Hz, 3J(H,H) = 7.4 
Hz, V(H,H) = 1.5 Hz, Py-H4), 7.98 (d, 1H, 3J(H,H) = 5.5 Hz, Py-H6), 7.79 (d, 1H, 3J(H,H) = 7.4 Hz, Py-H3), 7.56 (dd, 
1H, 3J(H,H) = 7.4 Hz, 3J(H,H) = 5.5 Hz, Py-H5), 6.87 (d, 1H, 3J(H,H) = 1.5 Hz, Pyr-H5), 6.25 (m, 1H, Pyr-H3), 6.06 
(m, 1H, Pyr-H4), 5.16 (s, br, 1H, NH), 4.74 (s, br, 1H, -HC=CH-), 4.57 (dd[AB], 1H, 2J(H,H) = 16.0 Hz, 3J(H,H) = 4.8 
Hz, N-CH-), 4.51 (s, br, 1H, -HC=CH-), 4.30 (dd[AB], 1H, 2J(H,H) = 16.0 Hz, 3J(H,H) = 2.9 Hz, N-CHr ), 3.95 
(dd[AB], 1H, 2J(H,H) = 14.0 Hz, 3J(H,NH) = 6.6 Hz, N-CH-), 3.86 (dd[AB], 1H, 2J(H,H) = 14.0 Hz, 3J(H,NH) = 6.6 
Hz, N-CH-), 3.64 (s, br, 1H, -HC=CH-), 2.58 (m, br, 1H, -C=C-CH2-exo), 2.46 (m, br, 1H, -C=C-CH2-exo), 2.30 (m, 
br, 2H, -C=C-CH2-exo), 2.02 (m, br, 2H, -C=C-CH2-endo), 1.85 (m, br, 2H, -C=C-CH2-endo).
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13C-NMR (50 MHz, acetone-[D6], 298K): 5 = 161.5 (Py-C2), 147.8 (Py-C6), 139. 8 (Py-C4), 124.8 (Pyr-C2), 124.0 
(Py-C3), 122.9 (Py-C5), 118.6 (Pyr-C5), 109,6 (Pyr-C4), 108.2 (Pyr-C2), 82.2 (br., C=C), 56.5 (d, 2J(C,Rh) = 4.6 Hz, 
N-CH2-), 47.7 (N-CH2), 29.8 (C=C-CHr ). FT-IR (KBr): u = 3297 (NH), 1655 (C=C), 840 ((PF6)-), 558 ((PF6)-). 
FAB-MS (m/z): 941 [2M-PF6]+, 398 [M-PF6] +.
Calculated for C19H25N3RhPF6: C 42.00, H 4.64, N 7.73. Found: C 41.87, H 4.46, N 7.61.
[2]
(h4-cyclo-octa-1,5-diene)-[(N-(2-Pyridyl-methyl)-N-(2-Pyrrolato-methyl)amine)- rhodium(I)
77.6 mg (0.41 mmole) N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl-methyl)amine (HLh) was disolved in 10 ml MeOH and
100.0 mg (0.20 mmole) [{(cod)Rh(|>Cl)}2] was added, and stirred at r.t. for 1 hour. Addition of a solution of 200 mg 
(1.89 mmole) Na2CO3 in 5 ml water resulted in the precipitation of [(LH-)RhI(cod)] ([2]) as a yellow solid, which was 
collected by filtration, washed three times with water, once with MeOH and vacuum dried. Crystals suitable for X-ray 
diffraction were obtained by slow crystallisation from a saturated toluene solution at -20oC. Yield 90 mg (56%). 
'H-NMR: (200 MHz, CD2Cl2, 298 K): 5 = 8.55 (d, 1H, 3J(H,H) = 4.1 Hz, Py-H6), 7.67 (m, 1H, Py-H4), 7.21 (m, 2H, 
Py-H3, Py-H5), 6.23 (s, 1H, Pyr-H5), 5.92 (dd, 1H, 3J(H,H) = 2.4 Hz, 3J(H,H) = 2.9 Hz, Pyr-H4), 5.72 (d, 1H, 3J(H,H) 
= 2.4 Hz, Pyr-H3), 4.50 (s, b, 1H, NH), 4.12 (m, b, 4H -CH=CH-), 3.94 (dd[AB], 1H, 2J(H,H) = 14.9 Hz, 3J(H,NH) =
3.09 Hz, N-CH2-), 3.81 (dd[AB], 1H, 2J(H,H) = 13.3 Hz, 3J(H,NH) = 5.1 Hz, N-CH2-), 3.73 (dd[AB], 1H, 2J(H,H) =
14.9 Hz, 3J(H,NH) = 9.9 Hz, N-CH2-), 3.50 (dd[AB], 1H, 2J(H,H) = 13.3 Hz, 3J(H,NH) = 7.6 Hz, N-CH2-), 2.55 (m, 
2H, -C=C-CH2-exo), 2.35 (m, 2H, -C=C-CH2-exo), 2.05 (m, 2H, -C=C-CH2-endo), 1.85 (m, 2H, -C=C-CH2-endo).
After saturation of the N-H two AB-paterns are observed for the N-CH2- groups of the ligand: 3.93 (d[AB], 1H, 2J(H,H) 
= 14.8 Hz, N-CH), 3.72 (d[AB], 1H, 2J(H,H) = 14.8 Hz, N-CH), 3.79 (d[AB], 1H, 2J(H,H) = 13.1 Hz, N-CH), 3.49 
(d[AB], 1H, 2J(H,H) = 13.1 Hz, N-CH).
13C-NMR (50 MHz, CD2Cl2, 298K): 5 = 156.5 (Py-C2). 150.5 (Py-C6), 139.6 (Pyr-C2), 137.6 (Py-C4), 123.7 (Py-C3),
123.6 (Py-C5), 123.3 (d, 2J(C,Rh) = 2.6 Hz, Pyr-C5), 108.4 (Pyr-C4), 101.7 (Pyr-C3), 79.3 (d, 'j(C,Rh) = 12.3 Hz, 
C=C), 78.8 (d, 1J(C,Rh) = 12.6 Hz, C=C), 54.0 (N-CH2-Pyr), 56.1 (N-CH2-Py), 32.1 (C=C-CH2), 30.6 (C=C-CH2). 
FT-IR (KBr, cm-1): u = 3236 (N-H), 1654 (C=C).
FAB-MS (m/z): 398 [M+H]+, 319 [M-CH2Pyr+H]+, 288 [M-cod-H]+, 209 [M-cod-CH2Pyr]+. FD+-MS: 397 [M] +. 
Calculated for C19H24N3Rh: C 57.44, H 6.09, N 10.58; Found: C 57.02, H 6.05, N 10.35.
[3]
(h 4-cyclo-octa-1,5-diene)-(N-benzyl-N- (2-Pyridylmethyl)-N-(2-Pyrrolato-methyl)amine)-rhodium(I)
To 50 ml methanol 200 mg Na2CO3 (18 mmole) in 2 ml water and 400 mg (1.449 mmole) N-benzyl-N-(2-Pyridyl- 
methyl)-N-(1H-2-Pyrrolyl-methyl)amine (HLBz) was added. The suspension was stirred for 15 minutes and subsequently 
350 mg (0.71 mmole) [{(cod)Rh(|>Cl)}2] was added. The mixture was stirred for 2 hours at r.t. and placed at -20oC for 
10 hours. The resulting precipitate was collected by filtration and the yellow residue was washed three times with 5 ml 
of a mixture of water and MeOH (1:1), subsequently dissolved in 10 ml CH2Cl2 and filtered. The yellow filtrate was 
evaporated under vacuum to yield [(LBz-)RhI(cod)] ([3]) as a yellow powder. Crystals suitable for X-ray diffraction were 
obtained by crystallisation from a hot saturated solution of [3] in toluene. Yield 388 mg (55%)
'H-NMR (200 MHz, CD2Cl2, 298K): 5 = 9.25 (d, 1H, Py-H6), 3J(H,H) = 4.7 Hz), 7.72-7.35 (m, 6H, Ph-H, Py-H4), 7.25 
(m, 1H, Py-H5), 7.13 (d, 1H, 3J(H,H) = 7.6 Hz, Py-H3), 6.34 (s, br, 1H, Pyr-H5), 5.76 (t, 1H, 3J(H,H) = 2.49 Hz, Pyr- 
H4), 5.64 (s, br, 1H, Pyr-H3), 4.84 (d[AB], 1H, 2J(H,H) = 13.7 Hz, N-CH2-Ph), 4.66 (d[AB], 1H, 2J(H,H) = 13.7 Hz, N- 
CH2-Ph), 4.01 (d[AB], 1H, 2J(H,H) =14.1 Hz, N-CH2-Py), 4.00 (d[AB], 1H, 2J(H,H) =15.0 Hz, N-CH2-Pyr), 3.91 (m, 
2H, -CH=CH-), 3.54 (d[AB], 1H, 2J(H,H) = 14.1 Hz, N-CH2-Py), 3.37 (m, 2H, -CH=CH-), 3.16 (d[AB], 1H, 2J(H,H) 
=15.0 Hz, N-CH2-Pyr), 2.42 (m, 4H, C=C-CH2-exo), 1.73 (m, 4H, C=C-CH2-endo).
13C{'H} (75 MHz, CD2Cl2, 298K): 5= 159.0 (Py-C2), 151.7 (Py-C6), 138.3 (Pyr-C2), 137.4 (Py-C4), 135.0 (Ph-C1), 
132.21 (Ph-C2), 129.1 (Ph-C3), 128.7 (Ph-C4), 125.3 (Pyr-C5), 124.1 (Py-C5), 123.8 (Py-C3), 107.3 (Pyr-C4), 103.3 
(Pyr-C3), 76.0 (br., C=C), 62.5 (N-CH-Ph), 60.25 (N-CH-Pyr), 56.90 (N-CH2-Py), 31.9 (C=C-CHr ), 31.7 (C=C- 
CH2-).
FAB-MS (m/z): 488 [M+H]+, 409 [M-Py]+, 396 [M-CH2Py+H]+, 211 [Rh(cod)]+
Calculated for C26H30N3Rh: C 64.07, H 6.20 , N 8.62; Found: C 64.49 , H 6.29, N 8.33.
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[4]
(h 4-cyclo-octa-1,5-diene)-(N-butyl-N-(2-Pyridylmethyl)-N-(2-Pyrrolato-methyl)amine)-rhodium(I) 
[(N-butyl-N-(2-Pyridylmethyl)-N-(2-Pyrrolato-methyl)amine)RhI(cod)] ([4]) was prepared by a method similar to the 
preparation of [(LBz-)RhI(cod)] ([3]), starting from N-butyl-N-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolylmethyl)amine (HLBu). 
'H-NMR (200 MHz, CDCl3, 298K): 5 = 9.10 (d, 1H, Py-H6), 3J(H,H) = 5.0 Hz), 7.60 (m, 1H, Py-H4), 7.17-7.32 (m, 
2H, Py-H3, Py-H5), 6.37 (m, 1H, Py-H5), 6.34 (s, br, 1H, Pyr-H5), 5.99 (m, 1H, Pyr-H4), 5.73 (s, b, 1H, Pyr-H3), 3.95­
3.80 (m, 4H, N-CH2-Py, -HC=CH-), 3.75 (d[AB], 1H, 2J(H,H) =13.8 Hz, N-CH2-Pyr), 3.51 (d[AB], 1H, 2J(H,H) = 14.1 
Hz, N-CH2-Pyr), 3.40 (m, 2H, -CH=CH-), 3.37 (m, 2H, -CH=CH-), 3.23 (dt, 1H, 2J(H,H) =12.0 Hz, 3J(H,H)= 4.2 Hz, 
N-CH2-C3H7), 3.04 (dt, 1H, 2J(H,H) =12.0 Hz, 3J(H,H)= 4.2 Hz, N-CH2-C3H7), 2.31 (m, 4H, C=C-CH2-exo), 1.88 (m, 
2H, N-CH2-CHr C2H5), 1.71 (m, 4H, C=C-CH2-endo), 1.40 (m, 2H, N-C2H4-CH¿-CH3), 0.99 (t, 3J(H,H)= 7.2 Hz, 3H, 
N-C3H6-CH3).
FAB-MS (m/z): 454 [M+H]+, 409 [M-Py]+, 375 [M-Py]+, 211 [Rh(cod)]+
Calculated for C23H32N3Rh: C 60. 79, H 7.32 , N 9.25; Found: C 60.88 , H 7.04, N 9.39.
[5]
(h 4-cyclo-octa-1,5-diene)-( N,N-di(2-Pyridylmethyl)-N-(2-Pyrrolatomethyl)amine)-rhodium(I)
To 60 ml THF 150 mg (6.2 mmole) NaH and 140 mg (0.51 mmole) N,N-di-(2-Pyridyl-methyl)-N-(1H-2-Pyrrolyl- 
methyl)amine (HLCH2Py) was added. The suspension was stirred for 60 minutes, the excessive NaH was removed by
filtration and the clear solution was cooled to -78oC. Subsequently 120 mg (0.25 mmole) [{(cod)Rh(|>Cl)}2] was added, 
and the resulting orange solution was stirred for 2 hours at -78oC. The mixture was filtered over Celite to remove NaCl, 
and the solvent was removed under vacuum at -20oC to give [(LCH2Py-)RhI(cod)] ([5]) as a yellow solid. Yield 230 mg 
(92%)
'H-NMR (200 MHz, acetone-[D6], 298K): 5 = 8.97 (d, 2H, Py-H6), 3J(H,H) = 5.0 Hz), 7.71 (m, 2H, 3J(H,H) = 7.6 Hz, 
Py-H4), 7.5-7.2 (m, 4H, Py-H5, Py-H3), 6.22 (s, br, 1H, Pyr-H5), 5.52 (s, br, 1H, Pyr-H4), 5.41 (s, br, 1H, Pyr-H3), 
4.75 (d[AB], 2H, 2J(H,H) = 15.0 Hz, N-CH2-Py), 4.29 (d[AB], 2H, 2J(H,H) = 15.0 Hz, N-CH2-Py), 3.70 (s, 2H, N-CH2- 
Pyr), 3.62 (m, 4H, -CH=CH-), 2.43 (m, 4H, C=C-CH2-exo), 1.71 (m, 4H, C=C-CH2-endo).
13C {'H} (75 MHz, acetone-[D6], 298K): 5 = 158.6 (Py-C2), 150.8 (Py-C6), 137.0 (Pyr-C2), 136.7 (Py-C4), 125.4 (Pyr- 
C5), 124.4 (Py-C5), 123.3 (Py-C3), 106.8 (Pyr-C4), 103.0 (Pyr-C3), 75.8 (d, J(C,Rh) = 13.7 Hz, C=C), 62.8 (N-CHr  
Py), 57.9 (N-CH2-Pyr), 31.6 (C=C-CH2-).
FAB-MS (m/z): 489 [M+H]+. Calculated for C25H30N4Rh: 489.1526; Found: 489.1505 (A = -4.1 ppm)
Polymerisation of phenylacetylene
In 20 ml MeOH, 0.82 gram phenylacetylene was dissolved. To this solution 5 mg of catalyst [(LBz-)RhI(cod)] ([3]) was 
added, resulting in almost immediate formation of poly(phenylacetylene) as a yellow/orange precipitate, and a gradual 
colour change of the solution from pale yellow to deep red. After 20 minutes the poly(phenylacetylene) precipitate was 
collected by filtration, washed with MeOH and dried under vacuum. Yield 0.20 gram (24%).
IR (KBr): u = 3053, 1596, 1488, 1444, 1073, 1028, 884, 756, 737, 696 cm-1.
1H-NMR (200 MHz, CDCl3, 298K): 5 = 6.98 (s, br. Ph), 6.67 (m, br., Ph), 5.86 (s, br., -CH=CH-). GPC analysis 
(polystyrene standard): Mn = 14000, Mw = 65000, Mz = 137000, Mw/Mn = 4.7, Mz/Mw = 2.1, [r| ]dv = 0.292.
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Summary
Selective catalytic oxidations o f olefins by hydrogen peroxide (H2O2) and molecular oxygen (O2) at 
transition metal centres under mild conditions are atom- and energy-efficient. These are thus highly 
desirable conversions, both in bulk- and in fine-chemical synthesis. However, limited understanding 
in the underlying mechanisms makes oxidations with these “ clean” oxidants difficult to control.
Chapters 2-5 o f this thesis describe new, five-coordinate Rh(I)-ethene and Rh(I)-diene complexes, 
stabilised by (neutral) nitrogen donor ligands, and their stoichiometric oxidation by H 2O2 and O2. The 
goal o f these investigations is to obtain valuable insights in catalytic oxidation o f olefins mediated 
by (late) transition metals. The obtained insights are to provide a basis for a more rational design of 
such catalysts for selective oxidation of olefins (alkenes).
Intriguingly, oxidation of some Rh(I)-ethene complexes by hydrogen peroxide (Scheme 1; path I) 
results in the formation o f 2-metallaoxetanes (1-oxa-2-metalla-cyclobutanes). These strained, four- 
membered oxa-metallacycles have frequently been proposed as intermediates in various catalytic 
olefin oxidation reactions. However, isolated examples o f 2-metallaoxetanes were very rare thusfar. In 
this thesis, isolable unsubstituted 2-metallaoxetanes are reported for the first time. Understanding their 
reactivity might well be relevant to a better understanding of metal catalysed olefin oxidation in 
general.
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Scheme 1. Reactivity of2-rhoda(III)oxetanes obtained from rhodium(I)-ethene complexes.
The reactivity of the 2-rhodaoxetanes proves to be mainly determined by the nucleophilic character of 
the 2-rhodaoxetane oxygen and the tendency to eliminate acetaldehyde via ß -hydrogen elimination. 
Elimination o f ethylene oxide is not observed. The stability o f the 2-rhodaoxetanes towards 
elimination o f acetaldehyde strongly depends on the nitrogen donor ligand environment (Scheme 1, 
path II). Protonation o f the 2-rhodaoxetane oxygen atom (Scheme 1, path III) assists elimination of 
acetaldehyde (path IV).
For a specific nitrogen donor ligand (TPA), the nucleophilic character o f the 2-rhodaoxetane has been 
investigated further. Upon protonation in the presence o f the coordinating anion Cl-, the protonated
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2-rhodaoxetane can be trapped as a (2-hydroxyethyl)(chloro) complex (path V). Similarly, a 
(2-methoxyethyl)(iodo) complex is obtained by methylation o f the nucleophilic 2-rhodaoxetane 
oxygen atom by MeI (path VI). Protonation of the 2-rhodaoxetane in the coordinating solvent 
acetonitrile results in a (2-hydroxyethyl)(acetonitrile) complex, which rearranges to a metallacyclic 
imine-ester (Scheme 1, path VII). This imine-ester thermally rearranges to a metallacyclic amide (path 
VIII). The overall conversion o f a Rh(I)-ethene complex to an amide by treatment with H 2O2, H+ and 
acetonitrile (Scheme 1, path I, III, VII and VIII), constitutes a new mode of C-N bond formation from a 
coordinated olefin. It might offer new possibilities for catalytic amidation of olefins.
Scheme 2. Reactivity of2-rhoda(III)oxetanes obtained from rhodium(I)-cod complexes.
Oxidation of Rh(I)-cod complexes (cod= Z,Z-1,5-cyclooctadiene) by H2O2, and in some cases O2, 
results in formation o f Rh(III)-oxabicylononadiyl complexes (Scheme 2). The ease of rearrangement of 
these tetrahydrofuran derivatives to Rh(III)-hydroxycyclooctenediyl complexes depends on the 
nitrogen donor environment. Formation of a Rh(III)-oxabicylononadiyl complex and its rearrangement 
to a Rh(III)-hydroxycyclooctenediyl complex are both proposed to proceed via a 2-rhodaoxetane 
intermediate (Scheme 2).
Chapters 6  and 7 are excursions to areas of related rhodium chemistry. In chapter 6 the reactivity of 
Rh(I) sites with (neutral) tridentate nitrogen donor ligands has been further explored through their 
carbonyl chemistry. Besides formation of mono-and bis-terminal carbonyl complexes, formation of 
Rh(|i-CO)3Rh bridges is observed. Methoxylation of a bridging carbonyl results in formation of a 
highly fluxional Rh(C(O)OMe)(|i-CO)2Rh bridge. Chapter 7 describes our efforts to explore the 
tolerance o f the above oxidation chemistry to changes in the nitrogen donor environment. The neutral 
Rh(I)-cod complexes, obtained with mono-anionic pyridine-amine-pyrrolato ligands, display a diverse 
coordination chemistry, but fail to react selectively with H2O2 or O2.
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Selectieve katalytische oxidaties van olefines met waterstofperoxide (H2O2) en moleculaire zuurstof
(O2) aan overgangs-metaalcentra onder milde condities zijn atoom- en energie-efficient. Dergelijke 
omzettingen zijn derhalve zeer gewenst, zowel in bulk- als in fijn-chemische synthese. Echter, het 
tot nu toe beperkte inzicht in de onderliggende mechanismen maakt oxidaties met deze “ schone” 
oxidanten moeilijk stuurbaar.
De hoofstukken 2-5 van dit proefschrift beschrijven nieuwe, vijf-gecoördineerde Rh(I)-etheen en 
Rh(I)-dieen complexen met (neutrale) stikstof-donor liganden en hun stoichiometrische oxidatie met 
H2O2 en O2. Het doel van dit onderzoek is waardevolle inzichten te verkrijgen in katalytische 
oxidatie van olefines met behulp van (late) overgangsmetaal complexen. De verkregen inzichten 
dienen een basis te verschaffen voor een meer rationeel ontwerp van zulke katalysatoren ten 
behoeve van de selectieve oxidatie van olefines (alkenen).
Het meest intrigerende resultaat is de oxidatie van enkele Rh(I)-etheen complexen met 
waterstofperoxide (Schema 1; pad I) tot 2-metallaoxetanen (1-oxa-2-metallacyclobutanen). Deze 
gespannen oxa-metalla-vierringen zijn veelvuldig voorgesteld als intermediairen in diverse 
katalytische olefine oxidatie-reacties. Geïsoleerde voorbeelden van 2-metallaoxetanen waren tot nu toe 
echter zeer zeldzaam. In dit proefschrift worden voor het eerst isoleerbare, ongesubstitueerde 
2-metallaoxetanen gerapporteeerd. Een begrip van hun reactiviteit is mogelijk relevant voor een beter 
begrip van metaal gekatalyseerde olefine oxidatie in het algemeen.
Schema 1. Reactiviteit van 2-rhoda(III)oxetanen verkregen uit Rh(I)-etheen complexen .
De reactiviteit van de 2-rhodaoxetanen blijkt vooral bepaald te zijn door het nucleofiele karakter van 
het 2-rhodaoxetaan zuurstofatoom en de neiging tot eliminatie van acetaldehyde via ß -waterstof 
eliminatie. Eliminatie van ethylene oxide wordt niet waargenomen. De stabiliteit van de 
2-rhodaoxetanen ten aanzien van eliminatie van acetaldehyde blijkt sterk afhankelijk van de stikstof- 
donor ligand omgeving (Schema 1, pad II). Protonering van het 2-rhodaoxetaan zuurstofatoom 
(Schema 1, pad III) bevordert de eliminatie van acetaldehyde (path IV).
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Voor een specifiek stikstof-donor ligand (TPA) is het nucleofiele karakter van de 2-rhodaoxetaan 
verder in kaart gebracht. Bij protonering in aanwezigheid van het coördinerende anion Cl- kan de 
geprotoneerde 2-rhodaoxetaan afgevangen worden als een (2-hydroxyethyl)(chloro) complex (pad V). 
Op analoge wijze leidt methyl ering van het nucleofiele zuurstofatoom met MeI tot een 
(2-methoxyethyl)(iodo) complex (pad VI). Protonering van de 2-rhodaoxetaan in het coördinerende 
oplosmiddel acetonitril resulteert in een (2-hydroxyethyl)(acetonitril) complex, dat omlegt tot een 
metallacyclische imine-ester (Schema 1, pad VII). Bij verhitting legt deze imine-ester vervolgens om 
naar een metallacyclisch amide (pad VIII). De totale conversie van een Rh(I)-etheen complex tot een 
amide door behandeling met H2O2, H+ en acetonitril (Schema 1, path I, III, VII and VIII) is een nieuwe 
manier om C-N bindingen te vormen uit een gecoördineerde olefine. Dit zou nieuwe mogelijkheden 
kunnen creëren voor katalytische amidering van olefines.
Oxidatie van Rh(I)-cod complexen (cod= Z,Z-1,5-cyclooctadieen) met H2O2, en in sommige gevallen
O2, resulteert in de vorming van Rh(III)-oxabicylononadiyl complexen (Schema 2). Het gemak 
waarmee deze tetrahydrofuran-derivaten tot Rh(III)-hydroxycyclooctenediyl complexen omleggen is 
afhankelijk van de stikstof-donor omgeving. Zowel de vorming van een Rh(III)-oxabicylononadiyl 
complex, als de omlegging hiervan tot een Rh(III)-hydroxycyclooctenediyl complex worden 
verondersteld via een 2-rhodaoxetaan intermediair te verlopen (Schema 2).
Hoofdstuk 6  en 7 zijn excursies naar verwante rhodium chemie. In hoofdstuk 6 is de reactiviteit van 
Rh(I) centra met (neutrale) tridentate stikstof-donor liganden verder in kaart gebracht aan de hand van 
hun carbonyl chemie. Naast de vorming van mono- en bis-carbonyl complexen met eindstandige 
carbonylen, wordt ook de vorming van Rh(|i-CO)3Rh bruggen waargenomen. Methoxylering van een 
gebrugde carbonyl resulteert in de vorming van een zeer fluxioneel Rh(C(O)OMe)(|l-CO)2Rh gebrugd 
species. In hoofdstuk 7 wordt de tolerantie van de bovenstaande oxidatie chemie ten aanzien van 
veranderingen in de stikstof-donor omgeving onderzocht. Neutrale Rh(I)-cod complexen, verkregen 
met mono-anionisch pyridine-amine-pyrrolato liganden, vertonen een diverse coordinatiechemie maar 
kunnen niet selectief ge-oxideerd worden met H2O2 of O2.
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Schema 2. Reactiviteit van 2-rhoda(III)oxetanen verkregen uit rhodium(I)-cod complexen.
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